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ABSTRACT 

REGO, L. F. L. Development of a Pylon Blowing System for a Pusher Propeller 
Configuration with the Study of the Associated Aerodynamic and Aeroacoustic 
Phenomena. 2017. 213p. Dissertation (Master o f Science) - São Carlos School o f 
Engineering, University o f São Paulo, São Carlos, 2017. 

This report contains the work performed for the development of a tangential blowing 

system, to be integrated to a pylon mounted with a propeller in pusher configuration. This model 

was built to represent a new configuration of turboprop aircraft, known as open rotor, which 

tends to be more fuel efficient than the current turbofan-powered ones . There is, however, one 

issue associated with the practical application ofthe open rotor, which is the high leveis ofnoise 

emissions, especially from the propellers. Aside from the propeller self-no ise, there is also an 

additional noise generation mechanism, which arises from the pylon wake impinging on disc, 

and is related to the occurrence of an unsteady loading component on the blades. This effect o f 

the pylon wake on the propeller was assessed through wind tunnel tests, where measurements 

were carried out to provide a better understanding on the aerodynamic and aeroacoustic 

phenomena occurring in this type of configuration. Moreover, a potential solution was 

developed aiming to mitigate the installation effects on the propeller, based on the contra i of 

the flow around the pylon. A tangential blowing system was integrated to the pylon in a rder to 

reduce the boundary layer thickness near the trailing edge region and thus, reduce the intensity 

of the wake impinging on the propeller. The ultimate goal is then to reduce the noise penalty 

due to the presence of the upstream pylon and bring the propeller noise leveis to those of an 

isolated configuration. The aerodynamic measurements, especiall y the flow mapping 

performed through hot-wire anemometry indicated a major reduction in the wake velocity 

deficit. Given some non-uniformity on the blowing outflow, the regions near the propeller hub 

were subjected to some overshooting, while the ones near the blades tips still had some 

remaining local velocity deficit. For some stations near the 60% blade radius, the wake was 

completely eliminated and the propeller inflow velocity profile was uniform. Unfortunately, it 

was not possible to contrai the blowing mass flow. Therefore, there is a specific free stream 
speed value, where the blowing provides the best results, which was found to be close to 16 

m/s. The aeroacoustic measurements allowed for quantitative and qualitative analyses on the 

propeller noise emissions. lt was found that the installation effects resulted in noise increases 

especially at the tones of the blade passage freq uency and higher harmonics. For the blown 

configuration, significant noise reductions were achieved, especially at the tones of the higher 

harmonics of the BPF, despite some increase in broadband noise for higher frequencies. For 

some frequencies, the noise leveis ofthe isolated configuration were achieved, as was originally 

intended. These results confirm the application of pylon blowing as an effective noise reduction 

solution for the pusher propeller configuration. 

Keywords: Pusher propeller. fnsta llation effects. Wake deficit. Propeller noise. Pylon blowing. 



RESUMO 

REGO, L. F. L. Desenvolvimento de um Sistema de Sopro para uma Configuração Pilone­
Hélice Pusher com o Estudo dos Fenômenos Aerodinâmicos e Aeroacústicos Associados. 
2017. 213p. Dissertação (Mestrado) - Escola de Engenharia de São Carlos, Un iversidade de 
São Paulo, São Carlos, 2017. 

Este documento contém as atividades envolvidas no desenvolvimento de um sistema de 

sopro tangencial, a ser integrado a um pilone, montado a uma hélice em configuração pusher. 
Este modelo foi construído de modo a representar uma nova configuração de aeronaves 

turboélice, conhecida como open rotor, que tende a ser mais eficiente em termos de consumo 

de combustível, que os atuais aviões com motores turbofan. Entretanto, existe ainda um entrave 

à aplicação prática da tecnologia open rotor, relacionado aos níveis de emissão de ruído, 

especialmente das hélices. Além do ruído próprio da hélice, existe também um mecanismo 

adicional de geração de ruído, que provém da interação entre a esteira do pilone e a hélice, e 

está relacionado ao surgimento de uma componente transiente de carregamentos nas pás. Este 

efeito da interação da esteira do pilone com a hélice foi investigado através de ensaios em túnel 

de vento, com o objetivo de promover um melhor entendimento dos fenômenos aerodinâmicos 

e aeroacústicos, que ocorrem neste tipo de configuração. A seguir, uma possível solução foi 

desenvolvida, de modo a mitigar estes efeitos de instalação na hélice, baseada no controle do 

escoamento ao redor do pilone. Um sistema de sopro tangencial foi integrado ao pilone, com o 

objetivo de reduzir a espessura da camada limite na região do bordo de fuga e, 

consequentemente, diminuir a intens idade da esteira a montante da hél ice. O objetivo principal 

é , então, el iminar ou reduzir a componente de ruído, proveniente dos efeitos de instalação, e 

trazer os níveis de ruído para valores próximos aos de uma hélice na configuração isolada. Os 

ensaios aerodinâmicos, especialmente o mapeamento do escoamento, com anemômetro de fio­

quente indicaram uma grande redução no déficit de velocidades na esteira do pilone. Houve 

certa não-uniformidade no escoamento de saída do sopro, com regiões próximas à raiz da hélice 

com velocidade superior àquela do escoamento livre local, enquanto que próx imo às pontas, 

ainda hav ia certo déficit de velocidades. Para a lgumas regiões, especialmente próximo aos 60% 

do raio da pá, a esteira foi completamente eliminada. Não foi possível, nos testes, controlar a 

vazão do sopro. Dessa forma, os resultados com a aplicação do sopro foram mais positivos para 

uma certa região de velocidades, próximas a 16 m/s. Os ensaios aeroacústicos permitiram 

análises quantitativas e qualitativas no ruído das hélices. Os efeitos de instalação tendem a 

produzir aumento de ruído, espec ia lmente nos tons da frequência de passagem de pá, e seus 

harmônicos. Com o sopro atuante, grandes reduções de ruído foram obtidas, especialmente nos 

harmônicos superiores, apesar do aumento da componente de banda larga em altas frequências. 

Para a lgumas frequências, os níveis de ruído da hélice isolada foram obtidos, confirmando a 

aplicação do sopro em pilone, como mecanismo efetivo de redução de ruído em uma hélice 

pusher. 

Palavras-chave: Hélice pusher. Efeitos de instalação. Déficit de velocidades na esteira. Ruído 

de hélices. Sopro em pilones. 
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1 INTRODUCTION 

The growth in the world air traffic has been demanding increasingly efficient aircraft, 

especially concerning fuel consumption. Depending on the miss ion, fuel expenses can reach 

from 25 to 35% of the direct operating costs for aircraft operation (lA TA ECONOMIC 

BRIEFING, 20 I 0). Therefore, higher fuel efficiencies would mean cost reductions for the 

aircraft operator and higher profit, dueto increased payload capability. 

In addition to the economic benefit, there is also the environmental aspect for reducing 

fuel consumption. The restrictions for C02 and Nüx emissions in the atmosphere are also 

becoming more stringent. In consequence, the design and operation of more efficient aircraft 

must also consider these restrictions, since they are already of great concern for severa! 

regulatory agencies. 

In February 2016, fCAO issued new standard values for C02 emissions, to be adopted 

by the entire aeronautical sector. This new document determines a reduction of 4%, compared 

to current leveis, on the emission leveis for cruise tlight. Depending on the aircraft's weight or 

category, this reduction can reach values up to 11 % (INTERNA TIONAL COUNCfL ON 

CLEAN TRANSPORTATfON, 2016). On the table shown in Figure I, the current emission 

metrics are displayed, according to the ICAO measurement criteria, and the targets for later 

years. 

Figure I - Current values and targets for C02 emissions, according to each aircraft category 

Metrlc: Value (kg/km) " reduc:tlon 

Alrcraft category' 

Very large aircraft >350 2 .95 2.93 

Twin aisle 120 . 350 1.88 1.70 1.75 7 o ·~ 

Single a i sle 60- 120 0.94 0.91 0.86 9 . 6 

Regional jet s 13 5- 60 071 069 0 .68 3 · o. 

Business jets <60 0.64 o 56 0.61 6 o~ 

Freighte rs n/ a 2.13 2.06 1.92 100 7 

Average 1.59 149 1.46 6. 4'• 

"lJ ExumpiL ;~~ruaft oncluJ e VLA A 580. Twm Aoslc B-777 Sonqlc Aoslc A320 Rcq.onal Jet Embrac r 
E-190. Bu>~n<>s> Jd Gul fstrcam GSSO Freoght..-r 8777-F 

(2] Assume~ tne s.a me MTOMs 10 thc 2015 <;.dlC~ mur Actual requ rccJ reuuct1on:) w·ll 'Jdry •f lhe 5dle~ 
mnt changes ovcr tamc 

í 3l Atso woth lt>ss th1n 19 cerufo.ed seats 

Source- lnternational Council on Clean Transportation (20 16) 

Those goals must then be approved by the aviation authorities of each country, so that 

afterwards they can become regulations and hence, mandatory. According to fCAO, new 

aircraft already applying for certification must meet these new standards by 2020, and aircraft 

already in production must do so by 2023, since they may require a supplemental type 
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cettificate. As of 2028, ali operating aircraft must be in conformity, so that they are allowed to 

be produced and operated (INTERNA TIONAL CIVIL A VIA TION ORGANIZA TION, 20 16). 

Besides ICAO, other institutions have their own goals, concerning aircraft 

environmental impact. NASA, for example, has defined standards of pollutants and noise 

emissions that should have been ach ieved by 2015, with a progressive reduction until 2025, as 

shown in Figure 2. They estimated that these targets would be attained with the incorporation 

o f technologies that, at that time, were in middle vales of TRL ( 4 to 6) (GUYNN et ai. , 20 li). 

Figure 2 - Targets for NOx and noise emissions, and fuel burn for future aircraft, according to NASA 

TECHNOLOGY GENERATIONS 

elli'I'CI';l 
(Technology Readlness L evei = 4·6) 

: 
N+1 (2015) N+2 (2020**) N+3 (2025) 

Noise • 
(cum margin rei. to Stage 4) 

-32 dB . -42 dB I -71 dB 
~ -~· -

L TO NOx Emissions ' t . -60% -75% -80% 
(rei. to CAEP 6) - ~ ..r 

Cruise NOx Emissions 
- - ~ IV 

~ (rei. to 2005 best in class) 
-55% 

-~ 
-70% -80~'o 

-- -~ ~ ~-~ 

Aircraft Fuei/Energy Consumption; 
(rei. to 2005 best in class) 

-33% .... -50% -60~~ 

• Projected b~nefits once techno:ogies are matured and i"1'1emented by industry. Benefits vary by vehicle size and mission. N+1 and N+3 values 
are referenced to a 737-800 v.ilh CFM56-7B engines, N+2 va:ues are referenced to a m -200 ·:oilh GE90 engines 

•• ERA's time-phased approach includes advancing "'ong-pole• technologies to TRL 6 by 2015 

:1: C~ emission benefits dependent on ~fe-cycle c~ ... per MJ for fuel andlor energy source used 

Source- Guynn et ai. (20 I I ) 

NASA names as "N+ I" single-aisle, subsonic and civil aircrafts, that are capable of 

being more effi cient than the current Boeing 737 and Airbus A320 fam ilies. The NOx emission 

of those aircrafts must be 60% smaller and the fuel consumption 33% less. The other goa l is 

related to noise, whose leve is must have a 32 dB cumulative margin, relative to the Stage 4 of 

F AA Part 36 and ICAO's Chapter 4. Also according to NASA, the future goals (N+ 3) w ill not 

be achieved with only small changes to current airframe and engine configurations. New 

technologies wi ll have to be incorporated and non-conventional aircraft sti ll on research stages 

may have to be adopted (BERTON, 2012). 

This concern with fue l consumption in the aeronautical sector is not current. One o f the 

main events that boosted the search for more effi cient engines was the Oi! Crisis in 1973, wh ich 

allowed for the development of severa! research programs on this topic ali around the world. 

One of them was the Advanced Turboprop (ATP) by NASA, which considered the use of 

turboprop engines in the commercial aviation sector as a possible solution for the low 

propulsive effi ciency ofthe aircraft. At that time, same as in the present, NASA envisioned the 

application of non-conventional technologies as a way to reach its goals. 
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1.1 TURBOPROPS VS. TURBO F ANS 

Turboprop engines display a hi gher propulsive efficiency, when compared to turbofans, 

due to the high bypass leveis associated with the former. This effect can be demonstrated 

through the Actuator Disc Theory, according to which, a rotor, modelled by a two-dimensional 

disk, injects momentum in a tlow passing through it and thus a reaction in the fo rm of thrust is 

generated. By neglecting tosses, and considering the flow as irrotational, the Bernoulli Equation 

can be applied at points upstream and/or downstream of the disc and the thrust produced w ill 

be equal to the increase in flow momentum. By defi ning the (ideal) propulsive efficiency ofthe 

disc as the ratio between the work produced and the total energy, the fo llowing equations can 

be obtained (HOUGHTON; CARPENTER, 2003). 

T = rh(\'s - V) 

v 
rJ= 1 

z(Vs +V) 

Source - Houghton and Carpenter (2003) 

Equation I 

Equation 2 

From the equations above, it is poss ible to conclude that the thrust will be a function of 

the mass tlow through the di se (rh), the free stream speed (V) and the velocity in the slipstream 

(Vs), which also define the propulsive efficiency. Therefore, the maximum efficiency wi ll be 

attained, when the acceleration imposed to the fluid is minimum, that is, Vs l V - I. Nevertheless, 

in order to produce acceptable thrust leveis, it is necessary for the mass tlow to be high, which 

in turn means a larger disc cross-section and diameter (HOUGHTON; CARPENTER, 2003). 

Despite increasing the disc effic iency for a fixed amount of produced thrust, larger d iameters 

also mean more weight and inertia, as ide from being related to other rotor operation parameters, 

such as tip speed and advance ratio. 

For turbofan engines, the bypass w ill be defined as the rat io between the cold jet, which 

passes through the fan, and the hot j et, which passes through the engine core. Therefore, in 

order to increase the turbofan propulsive effi ciency, the fan diameter ( equivalent to the actuator 

disc) must be increased. There are, however, constructive constraints related to the nacelle size, 

which means there must be a trade-off between efficiency and increased weight and drag. 

Presently, the most efficient turbofans used in civil aviation reach bypass ratios around 12, such 

as the Pratt & Whitney PW li 00-JM, which equ ip the new Airbus A320neo aircraft (PRA TT & 

WHITNEY PUREPOWER ENGINE FAMILY SPECS CHART, 20 12). 

Turboprops, on the other hand, can reach bypass ratios in the arder of 50, and thus are 

the most effi cient engine configurations, since a larger quanti ty o f ai r is si ightly accelerated. 
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Consequently, for this type of engine, the dependency on combustion for thrust generation will 

be much smaller than that of turbofans, and hence the fuel consumption wi ll also be smaller, 

for the same operating cond ition. lt is estimated that turboprops allow a 20% reduction in fue l 

burn, such as displayed in Figure 3 (TREN DS IN THERMAL ANO PROPULSIVE 

EFFICTENCY, 2016) . 

Figure 3- Fuel burn and bypass ratio comparison for different engine types 
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Source - Trends in Thermal and Propulsive Efficiency (20 16) 

Despite their higher propulsive effic iency, turboprop engines have a huge setback, 

which limits their application, especia lly in Iong-range comrnercial av iation. Due to the large 

rotor diameter, and the absence of a nacelle around the propeller, the tlow speed at the blade 

tips w ill be much higher than at the hub. At that region, the tlow can reach the transonic reg ime, 

in which the compressibility effects such as the formation ofshock waves wi ll highly affect the 

aerodynamic characteristics of the propeller and its performance. Moreover, load variations 

induced by shock waves can also cause structural problems and increased noise emiss ion. 

A study was carried out by Stack et a i. ( 1950), in arder to determine the performance 

degradation in propellers caused by compressibili ty effects. The results indicated that, for Mach 

numbers up to 0.85 at the blade tips, the propelle r effi ciency remains approximately constant. 

For higher tip Mach values, the efficiency tends to decrease almost linearly, with the rate 

depend ing on the blade pitch angle (/J), and showed reductions ofup to 15% at the highest tested 

speed values. This trend is illustrated in Figure 4. 

Considering the compressibility effects, turboprop engines do not seem Iike a viable 

cho ice for medium/long range commercial av iation, since the aircraft at this category have 

cruise speeds around 900 km/h, or Mach 0.8 approximately. Since th is is the free stream speed 
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around the aircraft, the tlow around some blade sections, especially near the tip, would most 

likely be in transonic regimes, undergoing shock wave formations. Therefore, in order to avoid 

such problems, the operating conditions for propeller-powered aircraft have to be constrained 

to low/medium subsonic regime, which is usual1y applied for general and regional aviation 

categories. 

Figure 4- Effect of Mach number increase, up to transonic values, in the propeller efficiency 
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With the purpose of making turboprops viable for operation m medium range 

commercial aviation, and thus profit from ali the benefits from this kind of engine (especially 

the reduced fuel burn), NASA had developed the Advanced Turboprop program. This program 

consisted in large efforts from many research centers to create a propeller configuration, with 

optimized bladed geometry, which a ll owed the usually higher propulsive efficiency from 

turboprops to be sustained, even for higher tlight speeds. Thereby, the configuration presently 

known as open rotor was conceived. 

1.2 OPEN ROTOR ENGfNES 

To ensure that the propeller kept its efficiency for higher Mach numbers, severa! 

modifications on the blades geometry were necessary. The researchers in the A TP program 

employed a complete makeover to the usual prope ller design, by reducing the blades thickness, 

increasing the chord and adding sweep, especially near the tips. The disc diameter was also 

reduced and the number of blades increased to increase blade loading. Adjacent components, 

such as the spinner, were designed following the Area Rule. Owing to ali these modifications, 

the objective of reducing the compressibility effects at the propeller was ach ieved and a new 

configuration, named propfan, was created (WHTTLOW JR. ; STEVERS, 1984). This 

configuration is displayed in Figure 5, where the engine is installed in the aft-fuselage of a real 

aircraft (MD-80), and was used by GE for some of the A TP tests, with the name of UnDucted 

Fan (UDF). 
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Figure 5- Unducted fan installed in a MD-80 aircraft 

Source- Sustainable Skies (20 16) 

Presently, this configuration is known as open rotor, due to the absence of casing, and 

it is usually employed with a pair of counterrotating propellers, as shown in Figure 5. The 

second rotor was added, in arder to avoid thrust tosses due to the rotation effects in the 

slipstream, and so to ensure that the increase in momentum occurs onl y in the axial direction, 

as the flow passes through the discs (WHJTLOW JR. ; SIEVERS, 1984). 

One o f the main aspects considered during the development of the open roto r was the 

savings in fuel consumption. As a part ofthe A TP program, the Lockheed Company conducted 

investigations on the feasibi lity ofthis new contiguration, with the ultimate goal of quantifying 

this parameter in terrns offuel savings and reduction in operational costs. For the analysis, two 

different aircraft configurations were considered, one equipped with a characteristic turbofan 

engine from that time (bypass ratio of 5.4), while the other was equipped with the open rotor. 

Parameters from actual aircraft were taken into account for this study, in which the weight, 

performance and even certification requirements were evaluated, aiming to perform an analysis 

as realistic as possible (REVELL; TULUS, 1977). 

8 oth aircraft had wing-mounted powerplants. So, owing to the higher noise generated 

by the open rotor, it was necessary to consider different acoustic treatment, in arder to provide 

48 dB of cabin noise reduction. This resulted in an increase of 3.3% in total weight, for this 

configuration. Even so, for different mission profiles, with varying range and cruise Mach, 

comparing both aircraft, it was found that the open rotor presented less fuel consumption than 

the turbofan, reaching savings of about 2 I%. These results were converted in to Direct 

Operational Costs (DOC), by considering the fue l prices at that time. Comparing the 

performance o f both aircraft, the open roto r provides a I 0% reduction in the DOC, as shown in 

the Figure 6 charts (REYELL; TULU S, I 977). 



INTRODUCTION 43 

Figure 6 - Fuel burn and DOC comparison for open rotor- and turbofan-equipped aircraft 
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Based on the obtained data, it was possible to conc\ude that open rotor engines provide 

the best performance results for operations in short to med ium ranges, in which the aircraft 

spends more time in lower speeds (condition of highest efficiency for the turboprop), or even 

for a longer range mission ata cru i se Macho f O. 75 (REVEL L; TULLIS, 1977). 

Other important studies involv ing open rotors were conducted, in order to assess the 

best engine placement on an a ircraft (wing or aft-fuselage mounted). Using aircraft design 

cri teria, Mann and Stua1t ( 1985) defined a group of parameters for a sensitiv ity analysis, such 

as perfo rmance and no ise, among others. Aside from the position in the a ircraft, the possibility 

for s ingle rotors or a counterrotating pair, and tractor or pusher configurations was considered. 

According to the authors, the results indicated that the best configurations are wing-mounted 

tractor and aft-fuselage-mounted pusher (MANN; STUART, 1985). 

In a subsequent study, Blythe and Smith ( 1985) assessed the characteristics for the two 

best open rotor engine placements prev iously described. For the analysis, the authors com pared 

the characteristics of each configuration, by considering a regional airc raft, with capacity for 

l 00 to 120 passengers. The results are included in Tab le I. 

Table I - Comparison between wing- and fuselage-mounted open rotors 

Wing Mounted Aft-Fuselage Mounted 

Wing Position High Wing High I Low Wing 

Ideal Propeller 
Counterrotating Tractor Counterrotating Pusher 

Configura tion 

Uniform inflow, but for higher 
Tnteraction effects with the wing 

Propellet· Flow angles o f attack there is an 
influence ofthe wing upwash 

downwash or the pylon wake 

Higher leveis of cabin noise and 
Cabin Noise more acoustic treatment is Lower leveis o f cabin no i se 

necessary 

Tr·im Drag No additional trim drag 
Higher ground clearance gives rise to a 

trim drag component 

Wing Flow 
lnteraction with the propeller Possible benefi ts from the propeller 

slipstream inflow 

Engine Number 2 or 4 (military application) 2 (possibly 3) 

Source- Adapted from Blythe and Smith ( 1985) 

For the w ing-mounted configuration, it is required for the wing to be high mounted in 

the a ircraft, so there is enough g round clearance for the propellers. A high clearance is a lso 

necessary for the fuselage-mounted, for the take-off condition, in which the rear part of the 
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aircraft is closer to the ground. For this case, since the engines must be placed in a higher 

position, the thrust line will not coincide with the wing, which generates a trim drag component 

(BL YTHE; SMITH, 1985). 

Regarding the propeller flow quality, the tractor configuration would be more 

advantageous, since there will be no disturbance in the upstream flow, such as the pylon wake. 

However, the wing-mounted tractor has a setback, which becomes more evident for conditions 

ofhigh angles of attack. The upwash generated at the wing leading edge will tend to change the 

flow direction, which will no longer be parallel to the propeller axis, as shown in Figure 7. This 

produces a non-axisymmetric inflow, causing the blade loading to change during a revolution, 

leading to vibrations and noise generation (METZGER, 1995). 

Figure 7- Propeller unsteady loading caused by wing upwash 
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Among the considered aspects, the biggest disadvantage for the wing-mounted 

configuration is the cabin noise, which would require more acoustic treatment for the aircraft, 

resulting in increased weight. The unsteady loads caused by the wing upwash, as previously 

mentioned, also contribute to noise generation. For the aft-fuselage-mounted pusher, the noise 

sources are placed as far as possible from the cabin (BL YTHE; SMITH, 1985). In terms of 

certification requirements, considering a rotor non-containment scenario, the pusher 

configuration is also better regarded, since the propeller is positioned relatively far from the 

passengers and primary wing structures. 
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From these studies regarding open rotor, it was verified that the noise produced by these 

engines is an important and decisive factor, which influences the aircraft design already at 

conceptual stages ( engine placement). The absence o f a casing around the propeller, despi te 

being one of the major contributors for its high propulsive efficiency, is also one major issue, 

since there is no structure to act as noise shield ing, as the nacelle works for the turbofan. 

Therefore, noise is currently the greatest barrier for the practical application of this 

technology, especially for the commercial aviation sector. In the following section, the main 

noise sources in an open rotor configuration will be described, with a brief explanation of the 

noise generation mechanisms. 

1.3 NOISE SOURCES TN OPEN ROTORS 

For an open rotor configuration, each of the engine components wi ll act as a noise 

source, such as the propeller (single rotor ar counterrotating), the compressor, the turbine and 

the jet exhaust. Moreover, there are increased noise emissions resultant from the interaction 

between these components, for example the frontal roto r (R I) wake and tip vortices on the aft 

rotor (R2). For the pusher configuration, another impottant interaction effect occurs between 

the pylon wake and the downstream propeller. The effect o f the angle o f attack on the propeller 

can also be considered for noise generation, since it is directly related to the loading on the 

blades. There can also be an interaction effect between the propeller flow and the fuse lage 

boundary layer, which tends to be thick at this region. These main noise sources are displayed 

in Figure 8 (HOFF, 1990). 

Figure 8 - Noise sources in an open rotor configuration 
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For an open rotor, the propeller is the dominant noise source, since it has no shielding 

barrier to counteract its high leveis emissions. Propeller-generated noise has both tonal and 

broadband characteristics. In the noise spectrum, tones occur as peaks at specific frequency 

values, which tend to cause a higher discomfort in an observer, while the broadband extends in 

a wide frequency range. A typical propeller noise spectrum is displayed in Figure 9. The first 

tonal peak occurs at the blade passage frequency (BPF), which relates the blade number (B) and 

the propeller rotational velocity (m, in radians per second), as described in Equation 3. The 

following tones will occur at each ofthe BPF harmonics (m) (MARTE; KURTZ, 1970). 

Figure 9- Typical propeller noise spectrum with tonal and broadband components 
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BPF = m * B * wf(2rr) Equation 3 

Source- Marte and Kurtz ( 1970) 

In terms of aeroacoustic analogy, the sound emitted from a propeller is composed by the 

three types of sources: monopoles, d ipoles and quadrupoles. The monopole sources are related 

to the physical displacement of air caused by the blades (thickness noise), and has a tonal 

characteristic. The dipole sources are re lated to the aerodynamic loading produced on the 

blades, either steady or tluctuating (due to non-uniformities), and have a strong tonal 

characteristic. There are also dipoles related to vortex shedding, which increases the broadband 

noise. Finally, the quadrupole sources are related to the turbulence leveis at the tlow leaving 

the trai ling edge, and are also responsible for the broadband noise (METZGER, 1995). These 

different noise generation mechanisms, with their respective characteristics are illustrated in 

Figure 10. 
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Figure lO- Noise generation mechanisms in a rotor 
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These noise generation mechanisms can be affected by the interaction between the 

propeller and other components, Jike the fuselage, the pylon or even another rotor, for 

counterrotating configurations. For the latter, the full spectrum will have, as ide from the tones 

at each rotor BPF and harmonics, tonal peaks at linear combinations of the two rotors 

frequencies, in the form ofm1 B1 wtf(2n) + m2B2w 2 /(2rr), for example, where the subscripts 

I e 2 represent the fore and aft rotors, respectively (HANSON, 1985). 

The interaction with other components, such as the pylon, are related to non­

uniformities that will be part ofthe propeller inflow. The pylon wake, for example, produces a 

region of lower velocity at the inflow, wh ich in turn induces fluctuations on the blade loads, as 

it passes this region. These variations occur in a harmonic fash ion , and cause structural 

vibrations and noise increase (GENTR Y JR.; BOOTH JR.; T AKALLU, 1990). This increase 

in noise is usually referred to as installation effects, which have been extensively stud ied, since 

the A TP Program. These effects can be regarded, in terms of no i se spectra, as shown in Figure 

11. 
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Figure l i - lnstallation effects on open rotor noise spectra 
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From Figure I I, it is possible to verify that these spectra are from a counterrotating 

configuration, with a different number of blades fo r each rotor, since there are two different 

peaks, corresponding to each rotor BPFs. The aft rotor has fewer blades and thus will have a 

lower blade passage frequency. The interaction tones are also shown as linear combinations of 

the each rotor frequencies, and have no ise leveis as high as or even higher than the single rotor 

tones (ENVIA, 20 I 0). 

When the pylon is introduced, the installation effects tend to increase the sound pressure 

levei for the tones, especially for the frontal rotor, since it is affected directly by the pylon wake. 

The aft rotor peaks a lso show an increase, but to a lesser extent. The interaction tones, on the 

other hand, do not seem to be affected by the presence of the pylon. For the installed 

configuration, there is a change in the re!ative strength of sources, and the asymmetric disc 

loading in the frontal rotor tends to become the dominating one, as shown in the phased array 

measurements o f Figure 12 (ENVIA, 20 I 0). 

Figure I 2- Phased array measurements indicating the unsteady loading as dominant noise source 
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Source - Adapted from Envia (20 I O) 
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In the Section 2. 1 of this work, the noise generation mechanisms in a propeller will be 

described with further details, focusing on the physical phenomena responsible for each 

mechanism and their particularities. The aerodynamic and aeroacoustic effects resultant from 

the interaction between the propeller and the wake from an upstream pylon will also be 

assessed. In this work, focus wi ll be g iven only to the propeller noise, and the contribution of 

other components, such as the compressor, turbines and jet exhaust, to the total open roto r no i se 

wil l not be evaluated. 

1.4 GOALS ANO REQU IREMENTS FOR NOISE REDUCTION 

At the time of the first researches involving open rotors, there was a lready a concern 

with the noise leveis emitted from this configuration. During the UDF tests, the goals of fuel 

burn reduction were reached, and there was still a pos itive margin, regarding the noise 

regulations ofthe time, which was the Chapter 3, from ICAO's Annex 16. An optimization of 

the configuration was not possible at the time, since there were not many tools avai lable, 

capable of performing a trade-off between performance and aeroacoustic parameters. So, if 

further noise reductions were necessary, the configuration would have ro be redesigned, with a 

consequent degradation of its performance, and its benefits from the commercial and 

environmental points ofview (reduced fuel burn) would be lost (VAN ZANTE et a i., 20 14). 

Nonetheless, instead of the noise regulations, the fali of fue l prices at the late 80s was 

the maj or contributor in halting the A TP program. Since then, very few studies were carried out 

on the topic until 2005, when there was a renewed interest on this configuration, due to its 

potential environmental benefits. However, the open rotor designed during the 80s is no Ionger 

capable o f meeting the present leveis of no i se regu1ations. Since 2006, the Chapter 4 from 

Annex 16 was adopted as the new perceived noise regulation. The limits are defined based on 

measurements in three different references: flyover, sideline and approach. Each one has its 

particularities, as shown in Figure 13 (GUYNN et ai. , 20 11 ): 

Figure I 3 - References for aircraft perceived noise measurements 

Source - Guynn et ai. (20 I I ) 
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During the certification tests, the aircraft no i se leveis must be measured for each ofthose 

references, and they must not exceed the established limits. There is also an overalllimit, which 

the sum of the noise for those three references must also not exceed. For the Chapter 4, it was 

defined that the overall limit from Chapter 3, with a reduction of I O EPNdB, would be used. 

Therefore, fo r aircraft that had noise leveis close to the Chapter 3 limits, it was necessary a 

reduction of I O dB, in arder to meet the new requirements (AIRBUS FLIGHT OPERA TIONS 

SUPPORT & UNE ASSISTANCE, 2003). The noise limits in EPNdB for each Chapter of 

Annex 16 are shown in Figure 14 (OICKSON, 20 13). 

Figure 14- Noise regulations for each Chapter of Annex 16 
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For certification purposes, the noise emitted from an aircraft is measured in EPNdB 

(Effective Perceived Noise Levei in Decibels). This parameter was created in arder to assess 

primarily the annoyance caused in an observer. lt takes into account the human response to the 

spectral shape (tonal content), the noise intensity and the duration. The standard way to 

calculate this parameter is described in ICAO's Annex 16, since it is not possible to be measured 

directly (DEPITRE, 2006). 

Recently, a further reduction of7 EPNdB, relative to the Chapter 4levels, was proposed, 

and should be adopted sometime between 20 17 and 2020. These new limits will be incorporated 

to the Chapter I 4 of Annex 16 (DlCKSON, 20 13). However, since it is still an ICAO reso1ution, 

it is necessary that the cettifyi ng authorities of each country adopt these propositions, so that 

they can be turned into actua1 cettification requirements. Thus, aircraft manufacturers and 

operators will be given a time frame to adequate their fleet to the new imposed 1imits. 
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1.5 CURRENT STATUS OF THE OPEN ROTOR TECHNOLOGY 

During the 70s and the 80s, since its conception in a time of extremely high fuel prices, 

the open rotor technology has been largely investigated. Experiments and simulations in severa I 

fi elds, including aerodynamic, structural, aeroelastic, and aeroacoustic were carried out, in 

order to completely assess this configuration and optimize is characteristics for the aircraft 

operational conditions at the time. Since the drop in oi l prices, the researches in this field were 

abandoned and the configuration was frozen. 

Presently, a iming to comply with the stringent environmental goals described in the 

previous sections of this work, stakeholders from ali around the world resumed the open rotor 

researches. Their goal is to make the technology viable for commercial app lication in current 

generation aircraft. These new investigations now focus on the optimization of the geometries 

designed in the past, with the a id o f the modern design and analysis tools, based on new design 

criteria, especially in regards to noise. 

In 2011, a group ofresearchers from different institutions was given the task by ICAO 

to assess the possibi lity of noise reduction in new aircraft and engine concepts, including the 

open rotor. Economic and env ironmental parameters were also taken into account, so that goals 

cou ld be defined, in order to put these noise reduction technologies into practice. Regarding the 

open rotor, the results obtained are shown in Figure 15. 

Figme l 5 - Open rotor technology development roadmap for application on current aircraft 
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Initially, the emitted no i se leveis for the two main aircraft configurations with open roto r 

engines defined in the A TP program (wing-mounted tractor and aft-fuselage-mounted pusher) 

were compared, taking the Chapter 4 limits as reference. The results indicated that the pusher 

configuration presented a lower nominal noise emiss ion than the tractor. For some of the 

conditions, the latter even surpassed the established limits. This high levei of emitted noise is 

linked to the crossflow at the propeller, dueto the wing upwash. Since the flow is not aligned 

with the propeller axis, the blades will undergo an asymmetric loading and thus generate noi se 

(MONGEA U et ai., 20 13). These results rendered the tractor configuration inferior to the 

pusher, so that currently the most accepted concept for open rotor-equipped aircraft is the aft­

fuselage-mounted engine configuration. 

The ma in focus of current open rotor research is the field of aeroacoustics. The current 

numerical tools of CFD and CAA, which were unavai lable during the course of the A TP 

program, are now the major contributors of these researches and are responsible for the 

advances that the open rotor technology has recently been through. These tools still require, 

however, experimental validation from aerodynamic and aeroacoustic wind tunnel s and fli ght 

tests. Therefore, highly complex wind tunnel campaigns were conducted, by testing from full 

aircraft to high-fidelity open rotor components and subsystems. This combined effort from 

simulations and experiments has given rise to new open rotor configurations, with performance 

comparable or even better than the one obtained in the A TP, but now with much lower noise 

leveis. 

Using the blade design developed during the A TP as a starting point, many parameters 

ofthe open rotor geometry were changed. The blade number was setas 12 for the frontal rotor 

and I O for the aft one. However, in a rder to reduce the blade loading and also the noise, the 

diameters of the rotors were increased in about l m. A clipping to the aft rotor was added, so it 

has a slightly reduced diameter. This was conceived as a way to mitigate the interaction noise 

dueto the blade tip vortices. A variable pitch contra i system was also added to the model, which 

provided both performance and acoustic benefits (V AN ZANTE et ai., 2014 ). 

Through tests conducted by GE, the new developed configurations were compared with 

each other and with the past open rotor design. The chart in Figure 16 illustrates the cumul ative 

margin to the perceived noise limits from Chapter 4, for each ofthe tested geometries. The red 

bar displays the noise for the best configuration developed during the UDF tests. The purple 

one consists in a modified blade design, created in the late 80s, in arder to marginally reach the 

Chapter 4 leveis (with consequent aerodynamic and performance degradation). The last two 

bars (blue and green) represent the new modified designs. The "GEN2A+B" configuration has 
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also further blade tip modifications to reduce the rotor-rotor interaction noise (V AN ZANTE et 

a1. , 2014). 

Figure 16 - Noise leveis for current and past open rotor configurations, compared to Chapter 4 limits 
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lt can then be verifi ed, by comparing the different versions, that the current open rotor 

designs have a 17 dB marg in to the current leve is establ ished in the certification requirements 

(VAN ZANTE et ai. , 20 14). This means a reduction of approximately 23 dB , compared to the 

A TP program configuration. Therefore, by considering the aeroacoustic design crite ria, these 

new configurations are highly feas ible for practical application. 

The performance parameters ofthe new open rotor config urations were investigated by 

Hendricks et a i. (20 13) through modelling of the propulsive system, integrated to a chosen 

a irframe of a s ingle-a is le a ircraft, with engines mounted on the aft-fuselage in a pusher 

configuration. This aircraft concept was picked based on the results obtained by Mongeau et a i. 

(20 13), as previously shown, as the most indicated open rotor configuration (with eng ine 

mounted on the aft-fuselage), especially for short and medium range missions. Therefore, the 

configuration ana lyzed in these tests is the same as the o ne illustrated in Figure 15. Again, the 

late 80s open rotor design was compared to the two new configurations. In these analyses, new 

airframe techno logies, inex istent during the A TP program , were considered. such as new 

composite materia is. The main evaluated parameters a re shown in the charts of Figure 17 

(HENDRICKS et a i. , 20 13). 

The empty weight reduction is related to the inc lusion of the new compos ite materiai s 

to the aircraft structures, as we ll as to optimized aerodynamic surfaces. This reduction is 

counterbalanced by a necessary additional weight, due to the eng ine mount structures and cabin 

noise isolation. The net weight, however, shows the results are positive, and thi s means that an 

increase in payload can be obtained. The block fuel reduces approximate ly 40%. for the new 
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configurations, which translates in a higher efficiency and less operational costs. Moreover. the 

NOx emiss ion leveis decreased about 75%, and now have an 83.2% margin, regarding the 

CAEP/6 requirements (HEN DRICKS et ai., 20 13). 

Figure 17 - Comparison ofthe performance and gas emission leveis between current and past open rotor 

designs 
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The investigations of the new open rotor configurations yielded very positive and 

encouraging results. The technology was brought to present standards and it has become once 

again the state-of-the-art in propulsive effi ciency. Either from the performance, or from the 

aeroacoustic point ofv iew, the new open rotor rises as a competi tive configuration, with a large 

capability to comply with the future noise and emission requirements. This tecbnology is 

currently ata medi um TRL value, possibly 4 or 5, and severa! concept definiti ons and tests are 

still required before the entry into service. At this stage, the maio research focus is to in tegrate 

the open rotor with the airframe and to develop its systems and subsystems, which higbly 

increases the complexity ofthe analyses . 

One of these subsystems, currentl y under intense research, is related to the application 

of a flow contra i mechanism on the pylon, in arder to mitigate the installation effects of its 

wake in the propeller inflow. With this flow contra i, both aerodynamic and aeroacoustic 

benefits are expected, in regards to the complete elimination of the interaction noise, which was 

described in Section 1.3. One of the first wo rks in this topic was conducted by Shi vashankara, 

Johnson and Cuthbertson ( 1990), and consisted in a blowing system mounted in the pylon 

trailing edge, as show in Figure 18a, to fi ll the velocity defi cit in the wake. 
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Figure 18- a) Blowing system mounted in the pylon trai ling edge b) SPL reduction for the blown 

configuration 
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Source- Adapted from Shivashankara, Johnson and Cuthbertson ( 1990) 

Initially the iso lated propeller results were compared with the ones from the installed 

configuration . For the directivity analysis, the model with the pylon displayed higher sound 

pressure leveis, especia lly at the BPF and harmonics, in nearly a li directions. With the 

application o f the blowing system, a great noise reduction was obtained for those frequencies, 

and the noise practically returned to the isolated leveis, as shown in Figure 18b. Thus, the goal 

o f e liminating the wake (o r at least reducing its velocity deficit) was reached and a very large 

reduction of the interaction noise was obtained (SHIVASHANKARA; JOI-fNSON ; 

CUTHBERTSON, 1990). 

After this work was carried out in 1990, the use of pylon blowing was set aside for a 

long time, since the majority of the researches in open rotor was halted. However, w ith the 

renewed interest in this technology, the use of blowing was again considered as an interesting 

so lution for the installation effects in a pusher propeller configuration. In recent years, there 

was some advancement in the development of this technology, with the focus of optimizing its 

characteristics, as so to reap the best aerodynamic and aeroacoustic resu lts. These further 

assessments of pylon blowing w ill be discussed in Section 2.3 of th is work. 

1.6 OBJECTTVES OF THIS WORK 

Based on the information presented in the prev ious sections, the current studies in open 

roto r are related to the practical application o f this technology in aircraft and its issues, such as 

the installation effects for a pusher configuration. Solutions for these adverse effects have also 

been investigated, such as the application oftlow contrai, specifically pylon blowing, with very 

encouraging results. 
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The main objective of this work is then to design a tangential blowing system and 

integrate it to a model pylon, aiming to mitigate the velocity deficit in the wake region and then 

reduce installation effects. With the use of pylon blowing, the propeller inflow will become 

more uniform and, consequently, the fluctuations on the blades loading will be reduced. 

Ultimately, the interaction noise component should also be reduced and the sound leveis should 

remain as close as possible to the iso lated configuration. ln order to achieve the expected results, 

some intermediary goals have been defined: 

• Conduct oriented studies, regarding propeller noise and the installation effects due to the 

presence of an upstream pylon. The previous investigations ofthe application ofpylon blowing 

will also be studied, and their results will be used as guidance for the conduction ofthis work; 

• Analyze, through wind tunnel tests, the effect of the pylon wake upstream of a pusher 

propeller, focusing on the phenomena of boundary layer separation and the wake properties 

from this aerodynamic surface. The interaction effects on the flow around the pylon due to the 

propeller inflow slipstream should also be verified; 

• Oesign the blowing system, based on a configuration from the literature, also developed 

at the LAE, for a similar application. A high efficiency for the system, as well as the capacity 

for integration to the wind tunnel models must be assured; 

• Conduct wind tunnel tests to assess the effect of the blowing on the flow at the pylon 

trai ling edge region, aiming for total or partia! elimination of the wake velocity deficit. 

Comparative aerodynamic and aeroacoustic measurements will allow for corroboration of the 

effectiveness o f the blowing system; 

• Take conclusions about the obtained results and about the feas ibility of the blowing 

design developed in this work as a so lution for the interaction noise problem. 
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2 LITERA TURE REVIEW 

According to the objectives ofthis work, the main studies regarding open rotor propeller 

notse wi ll be described. Initially, this chapter will consider the general noise sources in 

propellers and their characteristics. Then, the aerodynamic and aeroacoustic effects resulting 

from the interaction between the pylon and a pusher propeller will explained. Finally, the 

application of pylon blowing as a tlow control mechanism to reduce these installation effects 

will be evaluated, based on work already conducted in this topic. 

2. 1 PROPELLER NOISE 

The sound produced by rotors, e.g. propellers, fans, turbines and so on, can be classified 

as self-noise or interaction noise. The former occurs from the steady tlow over the blades 

themselves, whi le the latter is the result ofthe encounter between a rotating blade anda time­

varying disturbance (BLAKE, I 986). 

2. I .I Propeller Self-Noise 

Self-noise sources in propellers may be resultant from potential or viscous tlow 

phenomena. The main potential noise source is called Loading or Gutin Noise, which is 

proportional to the steady loading produced on the blades and occurs at the multiples of the 

blade passage frequency (Equation 3). It results from the aerodynamic loading (thrust and 

torque) that, despite being steady for a frame of reference moving with the blades, has an 

unsteady behavior, when considering a fixed point in the acoustic medium, that has no rotation 

itself. This noise component is dependent on the Mach number, blade number and directivity 

(BLAKE, 1986). 

The loads produced on a rotating blade will be generated from an also rotating pressure 

field, which will be regarded as an oscillating pressure (sound), considering a fixed point on the 

discas reference. This oscillation will have a fixed frequency equal to the times the blade passes 

that specific point, or the blade passage frequency. The waveform of this oscillating pressure 

will be determined by the pressure distribution on the blades. This noise component can be 

represented as an array of stationary dipole sources in the rotor disc, activated at the blade 

passage (MARTE; KURTZ, 1970). These dipole sources will have a strength equal to the net 

loading produced by the blade (pressure difference between upper and lower surfaces) at each 

location (MCALPfNE; KfNGAN, 20 12). 

The other component of potential noise sources m rotors is the Thickness Noise, 

resultant from the displacement of an element of air in the disc, caused by the finite thickness 
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of the blade. By considering a fixed frame of reference, same as for the loading noise, this 

displacement will be equ ivalent to a periodic introduction and remova! o f mass at each element 

of ai r near the disc. The blade profile, incidence and speed wi ll determine the rate of mass 

introduction or volume displacement, which can be expressed as a monopole source. This noise 

component becomes important at higher tip speeds, being generally smaller than the loading 

noise (MARTE; KURTZ, 1970). 

To assess the noise from a propeller in the tlowfield completely, quadrupole sound 

sources must also be considered, which represent the sound generated by the tluid tlow around 

the blade. These sources, related to the Reynolds stress, are distributed throughout the volume 

exterior to the blade and, similarly to the dipoles distributed over the blade surface, are 

responsible for the generation of di screte-tone noise, dueto the mean Reynolds stresses rotating 

in a circle (FFOWCS-WILLIAMS; HA WKINGS, 1969). In Go ldstein 's notation, the Ffowcs­

Williams Equation for propeller tonal noise includes ali noise generation mechanisms. This 

equation is shown in Figure I 9. 

Figure 19- Self-no ise generation mechanisms in a propeller 
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These quadrupole sources are, however, significant only for transonic and supersonic 

tip Mach numbers, and, for low-speed cases, they can be removed from the modelling for 

simplification purposes (ENVIA, 20 14). These sources are a1so not likely to generate significant 

broadband noise, since tbe flow induced around a blade is mainly lam inar, with the wake as the 

only significant turbulent region. Thus, there will be only a small region of quadrupoles of 

randomly tluctuating strength, and its noise wi ll be neg1igible compared to that produced by 

force tluctuations (FFOWCS-WlLLIAMS; HA WKTNGS, 1969). 

The viscous noise sources are associated to different types of broadband n01se 

generation mechanisms, ali related to load fluctuations resulting from different phenomena, 

namely dueto: the inflow turbulence, turbulent boundary layers passing the blade trailing edge, 

local stall, tip vortex formation, vortex shedding from laminar separation and vortex shedding 

from a blunt trai ling edge (KNOWLES, 1987). The intensity of the broadband noise generated 

by these tluctuations will tend to have a d ipo1e form of radiation and fo llow the sixtb power 

law of the section velocity (FFOWCS-WTLLIAMS; HA WKINGS, 1969). 
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The blade trailing edge noise will be produced due to the deformation of the turbulent 

boundary layer vortices, when passing through this region, in order to satisfy the Kutta 

condition (continuity between the static pressure on the upper and lower sides of the blade). 

The tip noise occurs due to the complex three-dimensional flow at this region, assoc iated with 

the formation of vortices. The tip vortices may be a significant noise source, compared to the 

trailing edge, since the highest blade velocities are achieved at the rotor tip. Finally, regions of 

separated flow will produce a large amount ofnoise, dueto their natural unsteady characteristics 

(NODÉ-LANGLOIS et ai., 2014). 

Numerical studies identified that the inflow tu rbulence was the dominant broadband 

component at low frequencies (below I kHz). Conversely, trailing edge and tip vortex noise 

were more significant for higher frequencies, when the inflow turbu lence was weaker. The 

trailing edge noise was found to be more important for rotors with larger diameters and to 

increase slowly with the angle of attack, while tip vortex noise was more significant at higher 

angles of attack, for wide-chord rotors (KNOWLES, 1987). 

2. 1.2 Propeller Interaction Noise 

The interaction noise in propellers is caused by circumferential non-uniformities in the 

inflow, due to the presence of another roto r o r a stationary geometry upstream. These upstream 

components will have their own effect on the flow, such as the generation of downwash and/or 

a wake, which will translate as a velocity deficit on the downstream flow injected in the rotor. 

For the case with two rotor rows, the blade tip vortex and the rotating potential fi eld of each 

rotor will also have major contributions to the propeller interaction noise (BLAKE, 1986). 

There is a difference, however, between the acoustic and the aerodynamic interference 

between rotors, which is wott h mention ing. For the former, the noise radiated by each row can 

be computed separately and the addition of the two noise fields can be constructive or 

destructive at specific points. The latter is the one that provokes unsteady loading on a rotor, 

due to a non-uni form flowfield produced bythe other (HANSON, 1985). This unsteady loading, 

generating mostly noise of tonal characteristic, can be represented by dipole sources with 

periodic variation in strength, un like the rotor-alone tones, represented by sources with strength 

independent from the position and time (MCALPINE; KINGAN, 20 12). 

For an open rotor engine, as shown in Figure 8, the main interaction noise sources occur 

from unsteady loads due to the effects of the rotors on each other, and an inflow veloc ity deficit, 

caused by the wake of the upstream pylon. The former will not be further detailed, since it is 
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noto f great importance to the work o f this project. The latter, wh ich constitutes the core o f this 

work, will be better described in the next sections. 

2.1 .3 Tonal and Broadband Propeller Noise 

The different types of sources and their specific features wi ll each have their 

contributions to the overall propeller noise. These contributions can sometimes be analyzed 

through sound spectra and directivity plots, for example, which prov ide a great deal of 

information on the propeller noise characteristics. The spectra will indicate the occurrence of 

tonal peaks, at the blade passage frequency and its harmonics, as well as the region ofbroadband 

dominance. In the directivity plots, the sound leveis and the noise propagation for a specific 

frequency value can be evaluated, either in the longitudinal or in the circumferential direction. 

A propeller sound spectrum will be composed by both tonal and broadband components. 

Parry, Kingan and Tester (20 11 ) evaluated the effective contributions from each of these 

components to the overall propeller noise. An iso lated (no installation effects) counterrotating 

open rotor rig was tested for zero angle of attack and operating conditions equivalent to take­

off thrust. In order to verify the relative importance of each noise component, measurements 

with inflow microphones were carried out. A tone deletion technique with a moving median 

curve fitting was employed on the narrowband spectra, so that only the broadband noise would 

remain. The measured and tone deleted spectra are shown in Figure 20 

Figure 20- Narrowband and one-third octave isolated propeller spectra with tones deleted 
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The black and red curves are the one-third octave measured spectrum and the tone 

deleted spectrum, respectively. The difference between them is the blue curve, which is the 

resultant tone levei. Although there are no frequency values displayed in the chart, it is possib le 

to verify that for very low values, the broadband noise is dominant. After the first BPF peak, 

wh ich would occur for low to medium frequencies, there is a gap between the black and red 

curves, indicating a higher tonal noise. As the frequency increases even more, the tones leveis 

start to decrease and the broadband is once again dominant (PARRY; KINGAN; TESTER, 

20 11). 

The conclusion is that there is a frequency range, probably around the first harmonics 

of the BPF, where tonal noise is far greater. Outside thi s region, especially for higher 

frequencies, the broadband is the major noise source, since the higher BPF harmonics do not 

tend to have high sound pressure leveis. This trend was also verified on the work conducted by 

Woodward ( 1987a) as shown in Figure 2 l. In this case, a single propeller was tested and the 

tonal peaks are visible up to the third harmonic, after which the broadband noise becomes more 

significant. A windmilling case was also evaluated, but no tonal peaks were found, since they 

I ikely have lower sound pressure leve is than the wind tunnel background noise. 

Figure 21 - Single-rotating propeller noise signature 
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For counterrotating propellers, the nan·owband sound pressure spectra will have a 

similar behavior, but with a patticularity. Aside from the rotor-alone tones for each propeller, 

there will be a noise component related to the interaction between them, as described in the 

previous sections. Tf the number of blades of each rotor are unmatched, new tonal peaks will 

arise at linear combinations of both rotors BPFs. The rotor-alone tones are more visible for 

lower frequencies (for higher frequencies, the broadband dominates), while the interaction 
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tones display high va lues of sound pressure for a w ider frequency range, as shown in Figure 22 

(WOODWARD, 1987b). 

Figure 22- Counterrotating propeller noise signature 
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The directivity of a propeller indicates in which d irections there is more and less no ise 

radiation . The usual convention states the propeller plane as e= 90°, with decreasing e for the 

upstream d irection, so that the prope ller axis corresponds to 0° (180° fo r downstream). This 

parameter can be analyzed as the sound pressure levei distribution over a range of e angles, for 

a g iven frequency val ue, preferably the BPF and its harmonics, which provide the highest noise 

leveis in the spectra. A propeller directiv ity curve fo r take-off condition, obtained by Woodward 

( 1987a), is shown in Figure 23. 

Figure 23 - Single propeller directivity for the blade passage frequency and its second harmonic 
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The resu lts ind icate the maximum tone levei occurs at the propeller plane, tending to 

decrease towards the ax is (WOODW ARO, 1987a). However, the downstream angles seem to 

have higher leve is than the upstream region, indicating an asymmetric behavior. For the counter 

rotating case, the rotor-alone tones display the same behavior seen above, while the interaction 
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tones tend to be higher toward the propeller axis, as shown m Figure 24 (WOODW ARD, 

1987b). 

Figure 24 - Counterrotating propeller directivity for both rotors BPFs and the fi rst interaction tone 
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2 .1 .4 Effects of Aerodynamic Parameters on Propeller Noise 

The geometrical features ofthe propeller and the characteristics ofthe inflow will deeply 

influence its acoustic response. The effects of parameters, such as tip speed, pitch angle, RPM 

and the angle of attack, on the propeller no ise were evaluated by Woodward (1987a), for a 

single-prope ller rig. Increases in the tip speed and the blade pitch angle (/J) tend to increase the 

sound pressure leveis almost linearly, since the resulting blade loading is also higher, as shown 

in Figure 25. 

Figure 25- Sound pressure levei with increasing tip speed and blade pitch angle 
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Source- Adapted from Woodward ( l987a) 

The angle of attack of the inflow also had a major influence on the noise emitted from 

the propeller. The left curves in Figure 26 represent the directivity plots for different a angles, 

wh ich indicate that increasing the angle of attack of the propeller axis away from the 
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microphones tends to produce higher tonal leveis, up to I O dB, especially for 9 = 90° and 

upstream. The opposite effect was verified, when the angle was increased toward the 

microphones. This can be explained by an increased effective angle of attack for the blade 

approaching the microphone (for positive a, which increases loading and noise) . By looking at 

the curves on the right, it is possible to verify that the leveis for the rotor-alone tones show a 

great dependence on the propeller axis angle of attack, w ith variations of up to 20 dB on the 

sound pressure levei, wh ile the interaction tones do not display this same trend (WOODW ARD, 

1987b). 

Figure 26- Single and counterTotating propellers directivity plots for different angles of attack 
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The effects from aerodynamic parameters on open rotor noise were a lso assessed by 

Elliott (20 12). The rig used co unte r rotating propellers with 12 blades on the forward rotor and 

I O blades on the aft, and the blade design was the same used in the late A TP tests, which is 

shown in Figure 27. 

Figure 27 - Open rotor rig with historical baseline blades 

Source - E li iott (20 12) 
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The tested parameters included variations on the pitch angle, shaft speed and angle of 

attack. For the first analysis, two configurations were establ ished and named take-off and 

approach, w ith the former having a higher pitch angle. The spectra in Figure 28 show the results 

for these two conditions for directivity angles o f 141 ° and 45°, respectively. 

Figure 28 - PSD spectra for two different blade pitch angles, for 141 o and 45° of directivity, respectively 
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The results show that, for both directivity angles, the configuration with take-off 

(higher) pitch display broadband noise about 13 dB more than the approach for the same shaft 

speed. However, for the latter, the re lative tonal content (leve is and number of peaks) is higher. 

The spectra in Figure 29 show the effect of changing the shaft speed, considering the take-off 

pitch condition, for the same two directivity angles. lt is clear that increasing the rotation speed 

by I 000 RPM raises the broadband noise leveis by approximately I O dB (ELLIOTT, 20 12). 

Figure 29- PSD spectra for different shaft speeds, for 14 1 o and 45° o f directivity, respectively 
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An increase in the angle of attack, relative between the free stream and the propeller 

axis, was shown to have a small effect on the overall noise leveis, as shown in Figu re 30. For 

the broadband component, the spectrum for 3° is very close to the 0° condition, while the go 

spectrum shows an average increase of 3 dB approximately over the entire frequency range. 

For this condition, there is also an increase in tonal content, includ ing higher leveis for the 

already existent peaks and even the addition o f new peaks (ELLIOTT, 20 12). 

Figure 30- PSD Spectra for different angles of attack, for 141 o and 45° of directivi ty, respectively 
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As explained in the previous sections, for a real open rotor configuration, there are noise 

components related to unsteady loadings, resulting from interaction between elements, such as 

rotor-rotor and rotor-pylon. ln this chapter, the noise generation mechanism related to the latter 

will be described, with the associated aerodynamic phenomena and acoustic characteristics. 

The aerodynamic effect of the propeller intlow on the upstream pylon will also be assessed. 

2.2. 1 Aerodynamic Effects of the Pylon Wake on a Downstream Propeller 

This type of interaction no i se starts with the viscous flow around the pylon, specifically 

the boundary layer that, after being subjected to the adverse pressure gradient, wi ll undergo 

separation at the trai ling edge region, and the tlow wi ll turn into a wake. This wake is 

characterized by a section of low-speed tlow, when compared to the free stream speed. Since 

the propeller is located downstream of the pylon, the wake will introduce non-unifotmities to 

some parts o f the propeller inflow veloc ity, as shown in Figure 3 1. 
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Figure 3 1 - Effect of the pylon wake on the propeller intlow velocity and blade angle of attack 

Source- Stuermer and Yin (20 I O) 

The blue vectors demonstrate the behavior for an isolated propeller, where the free 

stream speed (V<X)) combined with the local rotational velocity (wr) will generate a resultant 

velocity (Vrel) with a respective angle of attack (O.reJ) to the local chord. Because the inflow 

speed is relatively high, the resultant angle of attack will be relatively small. However, if the 

inflow velocity is reduced, due to the wake produced by the pylon, for example, the resultant 

velocity will cause a much higher angle of attack to that blade section and thus locally increase 

the aerodynamic loading. 

Stuermer and Yin (20 I O) evaluated, through numerical analyses, the variation of the 

blade angle of attack and the magnitude of the load tluctuations on the blades caused by the 

pylon wake, and the results are shown in Figure 32. 

Figure 32 - Effective angle of attack and load tluctuations on the blades caused by the pylon wake 
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The results from the simulations at cruise condition indicated that the velocity deficit 

caused by pylon wake cou ld result in variations of up to 2° in the effective angle of attack 

(Figure 32a). Th is, in turn, would result in the trend displayed in Figure 32b, where the thrust 

force is compared for each rotor at isolated and installed configurations. For the isolated case, 

as shown by the light blue and orange curves respective ly, the blade thrust shows an oscillating 

behavior around a constant mean levei for both rotors, which is caused by rotor-rotor 

interactions. For the installed case, the thrust distribution changes drastically, especially for the 

front rotor (dark blue curve), due to the change in effective ang le of attack. For the region near 

the pylon wake (- 270°), there is a sudden increase in the force, as expected. For the aft rotor 

(red curve), the effect o f pylon wake is much smaller, but can still be verified at - 90° 

(STUERMER; YfN, 2010) . 

This phenomenon wi ll tend to occur in a rather small region (only the section affected 

by the pylon wake), whi le at the other positions, the blades will be subjected to the free stream 

conditions, with smal ler angle of attack. Hence, the rotating blades will experience a sudden 

fluctuation in the aerodynamic forces, while passing through this region, providing an unsteady 

characteristic to the loading, consequently resu lting in noise generation. 

The fluctuation in the forces will occur every time a blade passes through the wake 

region, and thus wi ll have a periodic nature. Given this behavior, the noise generated will have 

a tonal characteristic, with peaks occurring at the blade passage frequency and its harmonics. 

Therefore, by comparing the noise spectra from a pylon-pusher propeller configuration with the 

isolated condition, the sound pressure leveis for the former would be much higher for the tonal 

peaks. Some effect on the broadband noise would also occur, mostly dueto the turbulence from 

the pylon wake at the propeller inflow. 

2.2.2 Pylon-Pusher Propel ler Imeraction No ise 

Severa! studies have been carried out in order to assess the aeroacoustic effects of the 

interaction between pylon and propeller. Block ( 1986) evaluated the sound leveis and the 

directivity of a propeller in the tractor and pusher configurations. The results are presented in 

Figure 33, in the fo rm of cola r contours of noise leveis in dB, for a high tip speed condition. 

These plots indicate that, for the tractor configuration, the no ise tends to be larger in the 

propeller plane, which is in accordance to what was described in the previous sections. For the 

pusher configuration, however, there is a large noise component in the propeller axis, in the 

upstream direction, with leve is up to 15 dB higher than the isolated case, distr ibuted in 
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throughout the first four harmonics. In the propel ler plane, the increase in no ise range s from 2 

to 5 dB, and it occurred only for the first harmonic (BLOCK, 1986). 

Figure 33 - OASPL contour for propeller in tractor and pusher configurations 
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Block and Gentry Jr. ( 1986) a lso conducted further tests to evaluate the increase in 

sound pressure levei and the d irectiv ity fo r this installed configuration us ing a sing le-rotation 

propeller. The OASPL was measured for d ifferent axial (8) and c ircumferential angles (<!>), as 

shown in Figure 34. A s a convention, the propeller plane was set as 8 = 90°, w ith increasing 

value in the downstream direction. In addition, the tine para lle l to the pylon s pan was setas <D 

= 0°, increasing in the counterclockwise direction, looking upstream . 

Figure 34- Axial and circumferentia l angles for the installed configuration measurements 

Source - Block and Gentry Jr. ( 1986) 
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For the charts displayed in Figure 35, the noise penalty plotted in the y-axis is the 

difference between the OASPL for the pusher and tractor configurations (installed and isolated, 

respectively). The charts contain the resul ts for a four-bladed propeller with fJo.75 = 18.8° for 

d ifferent rotation speeds (BLOCK; GENTR Y JR., 1986). 

Figure 35- Noise penalty for 4-bladed propeller in installed configuration 
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Source - Adapted from Block and Gentry Jr. ( 1986) 
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For the circumferential directivity (F igure 35a), the higher noise leveis tend to occur at 

positions around <I> = 60° and <I>= 300°, reaching up to 16 dB. The lower noise leveis are found 

at <I>= 10° (possible position for the fuselage) and <I> = 180°, with negative values, indicating 

that the pusher configuration is quieter at this region. This can be concluded, since the tractor 

propeller displays azimuthal symmetry, with the same sound leve is for the entire circumference. 

The authors state that at <I> = 180°, the noise signal undergoes a phase change. For the higher 

rotational speeds, there is also a sharp drop perpendicular to the pylon (<I>= 90°), which could 

be result from the cancellation between the sound fie lds produced by the steadi ly and unsteadil y 

loaded propeller blades (BLOCK; GENTR Y JR., 1986). 

For the axial directivity (Figure 35b), the noise penalties tend to have a minimum 

(between 2 and li dB, depending on the rotational speed) value at the propeller plane (8 = 90°), 

with increasing leveis toward the propeller axis, for both upstream and downstream directions, 

reaching a highest of20 dB for 8 = 30°. The peak noise leveis for the pusher configuration were 

approximately constant, irrespective of the axial angle of measurement. Moreover, as already 

shown in the previous sections, an isolated single propeller tends to display maximum noise 

leveis at the propeller plane. 

Therefore, the maximum noise penalties will in fact occur near the propeller axis and 

the minimum at the propeller plane. It was also possible to conclude that increasing the 

rotational speed decreased the noise penalty. This occurred due to the smaller effect of the 
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unsteady load ing dueto the pylon wake, for lower advance ratio conditions (high thrust), where 

the steady load ing noise dominates (BLOCK; GENTRY JR., 1986). 

In the same work, Block and Gentry Jr. ( 1986) also evaluated the effect of the pylon-to­

propeller spacing. The previous directivity measurements were carried out for a distance 

between the pylon trailing edge and the propeller plane of about I 0% of the pylon chord. The 

fo llowing results were obtained for a spacing equal to 30% ofthe pylon chord, and for this case, 

the noise penalty is considered as the difference between the leve is for the two spacings, and is 

plotted against the circumferential and ax ial directivities in Figure 36. 

Figure 36- Noise penalty in the installed configuration for different pylon spacings 
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Source - Adapted from Block and Gentry Jr. ( 1986) 

By moving the propeller plane fu rther downstream from the pylon, the sound leveis tend 

to decrease, almost reaching the isolated condition, which is indicated by the high noise penalty, 

especially near the propeller axis. For the lower rotational speed (7200 RPM), the noise penalty 

near the prope ller plane is high, and by comparing with the previous resu lts, the resultant noise 

is very close to the tractor condition. For the higher rotations, the noi se penalty was already 

small for the previous results, so the improvement margin was short (BLOCK; GENTRY JR., 

1986). Therefore, the results indicate that a higher spacing between pylon and propeller tend to 

reduce the interaction noise, since there is an additional length fo r the dissipation ofthe wake, 

before impinging on the propeller. lt is then necessary to take the pylon-propeller spacing into 

account during the design of the aircraft powerplant, since it can greatly influence the noise 

penalties in this configuration. 

In a more recent test campaign, Ricouard et al. (20 1 O) assessed the main aeroacoustic 

characteristics of the installation effects on propeller noise . During the tests, the influence of 

many parameters were verified, such as tip speed, blade pitch, as well as pylon geometry and 

positioning. Initially, the measured acoustic spectra is shown in Figure 37. 
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Figure 37- Noise spectra for counteJTotating installed propellers 
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By comparing the isolated and the installed acoustic spectra from Figure 37, the increase 

in sound pressure levei fo r the latter is visible throughout the entire frequency range, especiall y 

for the front rotor BPF and its harmonics. The tone at the BPF displays an increase of 

approximately 1 O dB. However, the tone at the second harmonic is the one that displays the 

highest noise penalty, of approximately 16 dB, meanwhile the third one has now a clearly 

defined peak (RICOUARD et ai. , 20 I 0). 

The presence of the pylon upstream of the propeller has also given rise to higher BPF 

harmonics that were prev iously buried in broadband noise, for the iso lated configuration. For 

the rear rotor, the effect is much less pronounced, but still noticeable. The interaction tones 

show also almost no variation. There is also a slight increase in broadband noise, shifting the 

entire curve upwards, likely dueto the increased turbulence caused by the wake on the propeller 

inflow (RICOUARD et a i. , 20 I 0). 

The sensitivity o f the acoustic characteristics to the propeller operaring conditions was 

also evaluated. In the directivity curves shown in Figure 38a, the tip speed was increased, but 

with approximate ly the same thrust produced by the propeller. For the blade pitch analysis 

(Figure 38b ), the goal was to compare different thrust values (RICOUARD et a i., 20 I 0). 

For the isolated configuration, the directivity curves for both tip speed and thrust 

variation show a great dependence of the sound pressure levei to these parameters. However, 

for the installed configuration, the variation with rotational speed and thrust was much less 

evident, which impl ies that, while the interaction noise dominates for a li the tested cases, the 

pure propeller tones start to become more important for higher tip speeds and thrust. The 

installed curves, while also having a maximum at the propeller plane, also display higher noise 
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leveis towards the propeller axis, especially in the downstream direction (RICOUARD et ai., 

20 I 0). Changes to the pylon geometry and propeller spacing were also assessed, with the results 

shown in Figure 39, for the first two BPF harmonics. 

Figure 38- Directivity for the different tip speeds and pitch for the installed configuration 
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Figure 39- Directivity for the different pylon spacings and sweep angle 
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The gap between the pylon trailing edge and the propeller was doubled (from O. l5c to 

0.30c), which resulted in a noise reduction of 3 dB. A sweep angle was also included, in order 

to provide the same velocity deficit and thickness to the wake at different pylon stations. This 

has also shown benefits to the overall noise, and demonstrated the noise sensitivity to the wake 

characteristics (RICOUARD et ai. , 20 I 0). 

2.2.3 Propeller Inflow Effects on an Upstream Pylon 

As described in the previous section, there are aerodynamic and aeroacoustic effects 

caused by the interaction between a propeller and an upstream placed pylon, specifically due to 

the influence ofthe pylon wake in the propeller inflow. However, this interaction does not affect 

on ly the propeller, but also the flow around the pylon. The changes normally induced by the 

propeller in the upstream flow behavior wi ll also produce variations in the pylon aerodynamic 

characteristics and, consequently, its wake. 

Concerning the pylon, o r any aerodynamic surface, the effect o f a downstream propeller 

inflow can be translated into induced velocities at numerous points of interest. These velocities 

can be decomposed into three vectors for each Cartesian direction (axial, vertical and 

transversal). By considering a vertical plane through the center of the propeller disc, the 

spanwise induced velocity will be zero, and the resultant components will behave as shown in 

Figure 40 (CATALANO, 1993). 

Figure 40- lnduced velocities by the propeller intlow in an upstream aerodynamic surface 

Source- Catalano ( 1993) 
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At the symmetry plane, the induced ve locity will have an axial component (Vpx), which 

is responsible for increasing the local flow speed; and a vertica l component (Vp:), which in turn 

wi ll change the local flow incidence. Outside of th is plane, the transversal velocity component 

will induce a cross flow on the surface of the wing. These ve locities and their effects can be 
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a1tered by changing the re lative position between the propeller and the aerodynamic surface. 

For example, by moving the propeller in the axial direction, the intensity of the induced 

velocities wi ll change, and, by moving it in the vertical direction, there will be an unbalance in 

the vertical induced ve1ocities in the upper and lower surface, resu1ting in an increase o r 

reduction o f the flow incidence (CATA LANO, 1993). 

To evaluate the characteristics of these induced velocities and their effects on the flow 

around an upstream positioned wing; Catalano ( 1993) has carried out surface pressure 

measurements for different angles of attack and relative positions between the wing and the 

propeller. For these tests, natural transition was a llowed to occur. The goal was to identify the 

main regions re lating to boundary layer transition and separation, for low and high incidences 

(CATALANO, 1993). 

Figure 41 - Effect o f the propeller inflow on an upstream wing pressure distribution for a = 4.5° and a 

= 12.5° 

a. 
u 
I 

a.. 
u 
I 

SMOOTH WING, ALPHA= 4 .5 

____,.._ ocs 0 2 

----l4'- POS 03 

-1:------t----t---="'-<rlr-___;~~-,------! ·-=--F·.f>os 01 

-1 

5 

4 

3 

:2 

o .-+ .6 

X/ C 

I 
--=>--- 'F-Pos ~2 

.b-ro~ G~ 
-='"---' 

SMOOTH SURFACE, ALPHA= 12.5 
-.-- - -.------,-- ---:--- - ...------, -e- ? ROPOFF 

__.,_ POS 01 

-li1i:-- -f----t----t---- -t-- - ---i -- POS 02 
--<>- POS 03 

-=--~-!=.:: 01 

.lf------"~ScL~~;;::::-::----t----+-----1 ......:::::o--~-P,~~ 

~->osOl 
-1----f------!--...Jõ:!o....,_-l--~"""""*===~-..._-1 ' -..::::::--

o :2 .4 .s .8 

X/C 

Source- Adapted from Catai ano ( 1993) 



80 LITERA TURE REVIEW 

For the a= 4.5° condition, shown in Figure 41 a, there is a v is ib le change in the transition 

region, that is moved downstream, for the case with operating propeller. This would translate 

into a slight reduction in skin-friction drag. The curves for the propeller positioned above the 

wing show only small differe nces to the aligned case, mostly in the form of a higher suction 

near the leading edge. For the a= 12.5° condition, there are no vis ible changes to transition. 

However, the region of separation moves much further downstream, from approximately 70% 

to 95% o f the chord (CA TALA NO, 1993). 

Given the effects ofthe propeller inflow on the pylo n pressure distribution and boundary 

layer parameters, it will conseq uently alter the wake characteristics. Horne and Soderman 

( 1988) conducted tests w ith a pitot-static probe to compare the wake of a vertical empennage 

with and w ithout a downstream rotating propeller. The velocity deficit, considering the free 

stream speed, was measured for severa! points in the wake for both cases. The resultant wake 

profiles are shown in Figure 42. The results indicate an acceleration of the fl ow for the 

prope ller-on case, shifting the curve downwards. However, the shape and width of the wake 

remain approximately the same (HORNE; SODERMAN, 1988). 

Figure 42 - Velocity deficit in the wake for empennage with and without a downstream operating 

propeller 
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Source- H orne and Soderman ( 1988) 

H orne and Soderman ( 1988) also measured the d isturbances in the flow with a hot-wire 

anemometer at two positions, one outs ide and another ins ide the wake, in a rder to corre late the 

results w ith the propeller acoustic behavior. The spectrum o f the data outside of the wake, as 

shown in Figure 43, shows periodic disturbances from the propeller, occurring at the blade 

passage freq uency and its harmonics. Inside of the wake, the spectrum is pract ically broadband, 
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given the high turbu lence leveis at thi s region, though the first two tonal peaks are stil l v isible 

(HORNE; SODERMAN, 1988) . 

Figure 43 - Velocity deficit in the wake for empennage with and without a downstream operating 

propeller 
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The interaction between the pylon wake and the propeller in a pusher configuration was 

described in the previous sections, a long with the related aerodynamic and aeroacoustic issues 

(installation effects), especially the added noise. One ofthe proposed solutions for this problem, 

and the one that is currently regarded as the most viable for practical application, is the 

mitigation of the pylon wake through a flow contra i mechanism of pylon blowing. In this 

section, the blowing mechanism and the subsequent studies on its appl ication on open rotor 

technology will be further described. 

2.3. 1 Flow Control through Pylon Tangential Blowing 

The tangential blowing, proposed as a solution to mitigate the installation effects in the 

pusher propeller configuration, is a flow contro l method usually em ployed for boundary layer 

separation contra i. Separation is a phenomenon that occurs when the retarded flow particles in 

the boundary layer cannot penetrate too far in a region of adverse pressure gradient. This 

gradient, combined with the shear stresses from wall friction, will reduce the flow kinetic 

energy at th is region until reverse flow occurs near the wall , and the boundary layer detaches 
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from it. At this region, there is considerab le thickening ofthe boundary layer, in arder to satisfy 

the continuity condition, which will translate into a strong wake and increased fo rm drag 

(SCHLICHTING, 1979). 

Numerous flow contra i methods were developed in a rder to avoid or delay boundary 

layer separation, and thus resulting in a potential drag reduction and lift enhancement. They can 

be classified into passive and active techniques. While the former is based on momentum 

transfer to the near-wall from other regions o f the flow ( e.g. vortex generators), with an 

associated parasitic drag, the latter requires an externai source of energy, such as the propulsive 

system, to provide the required momentum (e.g. tangential blowing) (GAD-EL-HAK, 2000). 

For the open rotor, the formation of the pylon wake can occur dueto separation at the 

trailing edge or even at the upper/lower surfaces, for high angle of attack conditions. The wake 

is a region of reduced flow velocity, downstream of a body, formed from the boundary layers 

on the upper and lower surfaces that merge at the trailing edge. The velocity profile ofthis wake 

will change as it moves downstream, with an increase in cross-section and decrease of the mean 

velocity deficit, relative to the free stream speed. The usual behavior for a wake is shown in 

Figure 44 (HOUGHTON; CARPENTER, 2003). 

Figure 44 - Velocity profiles for a wake downstream of a body 
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The wake characteristics, such as its size and mean velocity deficit are highly dependent 

on the boundary layer properties, right before the occurrence of separation. Therefore, in order 

to reduce the wake region, the boundary layer thickness must be kept as small as poss ible, and 

separation before the trailing edge must be completely avoided, since the growth rate at th is 

region is even higher. Given the tendency of increased growth rate, when the boundary layer 

experiences an adverse pressure gradient, a flow contra i method of tangential blowing can be 

employed to introduce momentum in thi s low-speed region. By injecting a fluid with a velocity 
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equal or higher than the local free stream speed in the near-wall region, the boundary layer 

thickness is reduced by definition and the occurrence of separation is also postponed. The 

working mechanism of a tangential blowing is shown in Figure 45. 

Figure 45 - Effect o f tangential blowing on boundary layer velocity pro file 
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As shown in Figure 45, the blowing slot is positioned on the surface ofthe body and air 

is injected to the externai flow, parallel to the wall. After the slot, both these flows wi ll mix, 

and further downstream, the velocity profile returns to an ·'undisturbed" shape. The quality of 

the flow downstream ofthe slot will depend on a series of parameters, such as the jet velocity, 

the slot height, the lip thickness, the boundary layer profile before the mixing (Reynolds number 

and turbulence leveis), and also important is the injection angle, relative to the local main stream 

direction (HEFNER; BUSHNELL, I 990). Another poss ibility of positioning the blowing slot 

could be at the trailing edge, to avoid further growth o f the boundary layer, after the mixing in 

an adverse pressure gradient region. However, at this position, the full mixing between the jet 

and the externai flow will tend to occur far downstream from the trailing edge. 

2.3.2 App li cation of Pylon Blowing on Open Rotor Research 

Given the possibility of eliminating, or at least reducing the intensity and size of the 

wake of a body, the blowing is a very interesting flow contrai technique for an open rotor in 

pusher configuration. By integrating a blowing system to the pylon, the aerodynamic and the 

aeroacoustic effects resultant from the interaction between the wake and the propeller inflow 

could be mitigated. One of the first attempts to assess the application ofth is solution was carried 

out by Shi vashankara, Johnson and Cuthbertson ( 1990), and was already described in Section 

1.5. After the cancellation of the ATP program, no more studies were carried out on this top ic 

for a while. However, with the recent renewed interest in the open rotor technology for 

commercial application, the studies on pylon blowing have also resurfaced and there are now 

severa) groups developing this technology. In this section, the most important studies on the 

application o f pylon blowing wi li be described. 
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At the latest stages ofthe A TP Program, there was also another important pylon blowing 

assessment, conducted by Gentry Jr., Booth Jr. and Takallu ( 1990) at NASA. Measurements of 

the pylon wake profile and the flow turbulence leveis with and without the blowing were carried 

out. The pylon in the wind tunnel mode l was equipped with a blowing slot in the upper and 

lower surfaces, positioned at 80% ofthe chord. The model and the details of the blowing system 

are shown in Figure 46. It was also possible to change the span of the slot, reaching positions 

closer to the propeller hub (configs. I and 2) (GENTRY JR.; BOOTH JR.; TAK.ALLU, 1990). 

Figure 46 - Wind tunnel model with propeller and pylon blowing system 
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Source- Gentry Jr. , Booth Jr. and Takallu (1990) 

The wake total pressure measurements, shown in Figure 47, were carried out for 

blowing-off and -on configurations, with a rake positioned at the propeller plane. These 

measurements were conducted without the propeller, so it was not possible to assess the 

interaction effects on the flow around the pylon. Severa! spanwise stations were mapped and 

related to their respective blade stations. The results indicate that, for an optimum mass flow, 

the blowing was ab le to practically fill the entire wake region, especially near the propeller tip. 

Near the hub, there was still some velocity deficit, probably dueto the presence of the nacelle 

and the occurrence of vortices at the junction with the pylon (GENTRY JR. ; BOOTH JR.; 

T AKALLU, 1990). 

The charts shown in Figure 48, performed w ith hot-wire, indicate a reduction in the 

wake turbulence, from 12% to 3% (for the qoo = 30 psf), fo r the case with the blowing on 

(GENTRY JR.; BOOTH JR.; TAKALLU, 1990). Despite no aeroacoustic measurements were 

conducted, those aerodynamic results would definitely translate into noise reduction, both for 

the tonal components (with the reduction of the wakes) and the broadband (with the reduction 

in turbulence ). 
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Figure 47 - Pylon wake profiles at different blade radii stations 
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Figure 48 - Turbulence measurements for pylon blowing on and off 
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Ricouard et a i. (20 lO) also evaluated the effects of pylon blowing on the n01se 

characteristics of an open rotor mode l. The spectra fo r the optimum blowing configuration was 

added to the same ones shown in the previous section, for the installed configuration, as 

displayed in Figure 49. 



86 LITERATURE REVIEW 

Figure 49 - Noise spectra for isolated, installed and optimum blowing configurations 
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By comparing the spectra in Figure 49, it is possible to verify a significant no ise 

reduction for the case with operating blowing (green curve), especia lly for the higher BPF 

harmonics. The noise leveis for the tonal peaks have practically returned to the iso lated 

condit ion. For the BPF, the noise reduction was not so large (~5 dB), and the blown 

configuration is placed halfway between the isolated and insta lled configuration. However, for 

the 2 nd harmonic of the frontal rotor BPF, the blowing reduced almost entirely the 16 dB of 

increase due to the insta llation effects. The broadband no ise was a lso largely reduced, most 

likely due to a reduction in the turbulence leveis in the wake. The roto r-rotor interaction no ise 

peaks were unaffected by the blowing, since they were a lready unaffected by the presence of 

the pylon wake (RlCOUARD et a i., 20 I 0) . 

Another major test campaign, named Z08, was carried out by Airbus and the CleanSky 

Program partners to evaluate the insta llation effects and the potentia l benefits from pylon 

blowing. For th is campaign, one model consisted in a pylon (equipped with blowing) with 

counterrotating propellers in the pusher configuration, in which both isolated and installed 

measurements could be performed. The other model was a full a ircraft, w ith two aft-fuselage 

mounted open rotors, and the pylons a lso equipped with the blowing system, as shown in Figure 

50. The spectra for the iso lated and blown configurations is shown in Figure 5 1 (PAQUET et 

a i. , 20 14). 
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Figure 50- Z08 campaign wind tunnel models 
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Figure 51 - Noise leveis comparison between installed and blown configurations 
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By comparing the spectra in Figure 51, it is possible to veri fy a great noise reduction for 

the case with pylon blowing. For the BPF, it was estimated a reduction of almost I O dB, but the 

largest difference was found in the second harmonic (approximately 25 dB), wh ich is in 

accordance with the results obtained by Ricouard et ai. (20 I 0). However, since the iso lated 

noise leveis were not included in the analysis, it was not possible to conclude how effective the 

blowing was in eliminating the interaction noise. The rear rotor tones also showed some 

reduction and the rotor-rotor interaction tones remained unaltered. For the broadband noise, no 

visible changes were verified between the two cases (PAQUET et ai., 20 14). 

Another assessment o f the effects of pylon blowing on a pusher propeller aerodynamic 

and aeroacoustic properties was carried out by Sinnige (20 13). Through wind tunnel tests, 

performance and aeroacoustic measurements were performed for the isolated, installed and 

blown configurations. The model consisted in a pylon mounted upstream of a single-rotation 
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propeller rig. The blowing system was integrated to the pylon model, with the exit slot 

positioned at the trail ing edge. The inlet is located at the pylon root and there is an internai 

channel with variable cross-section and vanes to turn t he flow towards the trailing edge. The 

model and the schematic of the blowing system are shown in Figure 52 (SINNIGE, 20 13). 

Figure 52 - Pylon-pusher propeller wind tunnel model and blowing system cross-section 
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Source- Adapted from Veldhuis and Sinnige (20 14) 

The ve locity profiles for the wake with different blowing rates were measured in order 

to verify the performance of the system, as shown in Figure 53. For a free stream speed of 19 

m/s, at the maximum attainable mass flow, the ve locity at the centerline (Y = O) reached a 

maximum above the free stream value, with two mínima left and right, and it is estimated that 

60% of the integral wake velocity deficit was filled. According to the author, these mín ima 

occur because the blowing slot was positioned at the trailing edge (for a more straightforward 

integration), which most likely did not allow for a full mixing between the wake and the 

blowing, before the propeller plane was reached (SINNIGE, 20 13). 

Figure 53- Unblown and blown wake measurements 
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The aeroacoustic results for the blown configuration are shown in the form of spectra, 

as displayed in Figure 54, and compared to the isolated and installed cases. The comparison of 

the sound pressure leveis at the tonal peaks for the blown configurations is shown in Figure 55. 

Figure 54 - Spectra for isolated, installed and blown configurations 
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Figure 55 - Difference in SPL for blown and installed configurations at the tonal peaks 
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The spectra in Figure 54 show an increase of almost 15 dB in sound pressure levei at 

the blade passage frequency, from the isolated to the installed configuration. For the 2 nd 

harmonic, the interaction noise was responsible for an increase of almost 25 dB. For the higher 

harmonics, the installed configuration also displayed much higher noise leveis. The broadband 

leve is, on the o ther hand, do not show visible changes for either configuration. By comparing 

the change in SPL for the tonal peaks with the blowing at the highest mass flow, reductions of 

approximately 4 dB were obtained for the BPF, and for the higher harmonics, the difference 

was even larger, reaching 17 dB, at the 4 th harmonic. These results indicate the capabilities of 

blowing systems integrated to pylons to reduce the aerodynamic and aeroacoustic effects with 

a prope ller in a pusher configuration (SlNNlGE, 20 13). 
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Sinnige (20 13) also conducted aeroacoustic measurements for the pro peller at different 

advance ratios. The obtained curves, shown in Figure 56, display the difference in noise leveis 

between blown and installed configurations, for the first 3 BPF harmonics. 

Figure 56- Difference in SPL for blown and installed configurations at different advance ratios 
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For higher advance ratios, large no ise reductions were achieved at the BPF for the 

highest blowing mass flow. However, there are some advance ratios, where the blown 

configuration results in louder tones for the BPF, especially for higher blowing mass flows. 

This occurs in a region (I .O< J < 1.3), where the change in SPL dueto the installation effects 

is negative, likely dueto the partia! cancellation between the steady and unsteady loading noise 

emissions. When the blowing is operating, the installation effects are reduced and so is this 

cancellation between sound fields (SINNIGE, 20 13). 
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The 2 nd and 3rd harmonics of the BPF displayed decreased noise leveis for the blown 

configuration, for almost all the tested advanced ratios. Th is occurs dueto the strong effects of 

installation at those frequencies. Once again, there were some conditions where the blown 

configuration was louder than the installed one. Similarly as the BPF, the added noise dueto 

installation at these advance ratios was negative ar close to zero, indicating a cancellation of 

the steady loading no i se by the unsteady component (SINN IGE, 20 13). 
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3 EXPERIMENTAL SET -UP 



94 



EXPERIMENTAL SET-UP 95 

3 EXPERIMENTAL SET-UP 

This chapter describes the methodologies adopted in order to fulfi ll the objectives of 

this work. lt contains the wind tunnel faci lities that were used for the experiments as well as the 

models used in the tests, focusing on the three main configurations, and also the design of the 

blowing system, which wi ll be described in details. The instruments and measurement 

techniques for each analysis, both aerodynamic and aeroacoustic are also included. Finally, the 

data post-processing techniques and the format of the results wi ll be presented. 

3. 1 WIND TUNNEL F ACILTTY 

The investigations and analyses performed in this work are ali experimental. The nature 

ofthese analyses and the expected results require a low-speed facility, with a free stream speed 

in the range of I O to 25 m/s in the working section. Therefore, the tests in this work were 

conducted at the LAE I wind tunnel, at the Laboratory o f Aerodynamics (LAE) from the 

Aeronautical Engineering Department o f the São Carlos School of Engineering - University o f 

São Paulo (EESC-USP). This faci li ty is ofthe closed-circuit type, with a closed working section 

3m long, 1.30 m high and 1.70 m wide. It has an eight-bladed fan, driven by a I lO HP electric 

motor, with seven straighteners located downstream. The maximum speed in the working 

section is currently 40 m/s . Two mesh screens placed in the settling chamber promote 

turbulence leveis of 0.25%. The wind tunnel circuit is displayed in Figure 57 (SANTANA; 

CARMO; CATALANO, 2014). 

Figw·e 57 - Top view ofthe LAEl wind tunnel 
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Source - Adapted from Santana, Carmo and Catalano (20 14) 
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Originally, the LAE l wind tunnel was built solely for aerodynamic tests. However, 

g iven the current worldw ide focus on aircraft noise investigation and reduction, this facility 

underwent an update to allow for aeroacoustic measurements as well. The process was divided 

in two phases . The tirst one consisted in applying melamine foam on the walls between the 

com er vanes (A & B), for noise absorption, while the second one focused in putting 

polyurethane foam around the fan (C), with the same goal, and placing an acoustic baftle (D), 

between the first and second comer vanes, for the lower frequency noise reduction. ln Figure 

58, the regions with acoustic treatment are shown, as well as the reduction in background noise, 

after the two phases ofthe update (SANTANA; CARMO; CATALANO, 20 14). 

Figme 58- LAE I acoustic treatment and background noise reduction 
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The modifications shown in Figure 58a and Figure 58b resulted in background noise 

reductions of 5 dB (overall sound pressure level), for different flow velocities. The acoustic 

treatment described above also had an effect on reducing flow turbulence. Measurements 

performed with a hot-wire anemometer indicated a reduction in turbulence leveis from 0.25% 

to 0.2 1%, as shown in Figure 59 (SANTANA; CARMO; CATALANO, 20 14). 
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Figure 59 - LAE I turbulence leveis reduction after the acoustic treatment 
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3.2 WfND TUNNEL MODELS 

The models used in the experimental measurements were d ivided in three different 

configurations, namely the iso lated prope ller, the installed propeller and the integrated py lon 

blowing. The same rig was used for ali of them, and the particularities of each configuration 

were adapted to it. The ri g was built from scratch, exclusively for this project. 

3.2.1 lso lated Propeller Configuration 

The isolated configuration was defined in order to get the aerodynamic and aeroacoustic 

noise results for the propeller alone, w ithout interacting with any other body. Therefore, a 

tractor configuration was necessary for these tests. Two propellers were chosen: a 4-bladed 

Master Airscrew, built from wood and fiberglass, with a 16" diameter (0.4 1 m) and 6" pitch 

(0.15 m) anda 3-bladed, also from Master Airscrew, with a 16" diameter (0.4 1 m) and 8" pitch 

(0.2 m). Both propellers are shown in Figure 60. 

Figure 60 - 3-Biaded 16" x 8" propeller and 4-Biaded 16" x 6" propeller 

Source - Author 
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The 4-bladed propeller was built in the LAE from two 2-bladed ones, which were milled 

and glued together. Templates were used in order to ensure there would be no variations in the 

propeller diameter and angle ofthe blades. This 4-bladed propeller was selected for tests at low 

advance ratios and high thrust conditions, whereas the 3-bladed one was tested at higher 

advance ratios. Both propellers were also balanced statically and dynamicall y to avoid 

vibrations during the tests. 

An electric motor, model GT5345-09 by EMAX, used was to rotate the propellers. This 

motor (Figure 61 a) is equipped with 12 LiPo cells, with a 170 RPMIV ratio. It was controlled 

by an ESC (Electronic Speed Contro ller), model Turnigy D1ux (F igure 6 1 b), with a maximum 

burst current o f 120 A. The ESC was powered by a D.C. source, built in-house, with a maximum 

output voltage levei of 20 V RMS. The propeller rotation was controlled through the throttle 

stick in a radio transmitter, model DX5e with a 2.4 GHz band and 5 channels. The receptor was 

connected to the ESC and was powered by a 6.6 V battery. W ith these components at hand, the 

rig cou ld be designed and the first concept is shown in Figure 62. 

Figure 6 1 - Electric motor and ESC for the propeller operation 

Source - Author 

Figure 62- Dimensions for the isolated configuration wind tunnel model 

Source- Author 
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!n this drawing, the rig is mounted in the workjng secti on ofthe wind tunnel. Aside from 

the propeller diameter, the only other constraint was the vertical position for the propeller axis, 

wh ich needed to be 0.65 m, so it wou ld be aligned with the center of the microphone array 

(Section 3.4.5), simplifying the postprocessing of the acoustic measurements. The components 

were then assembled and the resultant rig is shown in Figure 63. The main strut was designed 

with a streamlined shape, in arder to avoid a wide wake or vortex shedding. A spinner was also 

attached to smooth the flow at the propeller hub. The ESC, its cables and the receiver were 

placed inside the nacelle, with the power source cables going through the strut as well, to avoid 

any undesirable flow interaction, especially in front ofthe propeller, when the modeJ is changed 

to pusher configuration. 

Figure 63 - lsolated configuration wind tunnel model 

Finep• 

' 

Source- Author 

3.2.2 lnstalled Propeller Configuration 

For the installed configuration, the idea was to utilize the same rig used for the isolated 

tests. The first necessary alteration was to change the propellers to a pusher configuration, 

wh ich was done simply by turning the rig 180°, and also the propeller (relative to the motor 

shaft), so that its upper surface would be facing the oncoming flow. Then, the direction of the 

motor rotation needed to be reversed, which could be easily done by interchanging the ESC 

wires. Therefore, on ly the pylon was needed to complete this configuration. Initi ally, the on ly 

constraint was its span, which was limited by the nacelle and the platform at the bottom, to 

approximately 0.6 m. The chord was defined as 0.4 m, same as the propeller diameter, which 
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is the ratio regularly found in the literature. The distance between the trailing edge and the 

propetler plane would be equal to 0.3c, simi larly as dane by Block and Gentry Jr. (1986). The 

concept for the installed configuration is shown in Figure 64. 

Figure 64- Oimensions for the installed configuration wind tunnel model 
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Then, the pylon profile should be defined. Initially, it was decided that a symmetric 

airfoil was to be chosen, so that the wake could also be symmetric for a zero angle of attack 

condition and also to simplify the blowing system, in arder for the same internai duct geometry 

to be used for both the upper and lower surfaces. Another initial requirement was the profile 

thickness, defined as 12% o f the chord, so that the adverse pressure gradient would not be so 

intense and to keep the boundary layer as thin as possible, especially near the blowing region. 

Lower thickness values were impractical due to structural weakness and less useable space 

inside the pylon to place the blowing ducts. 

The initial idea was to conduct a comparative analysis between different a irfoils with a 

12% thickness, focusing on the boundary layer displacement thickness (<>*) on three different 

chordwise positions (0.7c, 0.75c and 0.8c). This parameter would be ultimately re lated to the 

necessary blowing mass-flow and was thus chosen for this analysis. The selected airfoi ls were 

the NACA 0012, NACA 630 12, EPPLER 297 and the WORTMANN FX71-120. This 

comparison was carried out using the software XFOIL, for a 2D pane! method viscous analysis. 

The Reynolds Number was selected as 3.5 x 105, based on the pylon chord and the wind tunnel 

speed. The same input parameters were used for ali the airfoi ls. Another important parameter 

to be set was the amplification factor (ncrit), defined as 6.3, to match the tunnel free stream 

turbulence of 0.21 %. A fixed transition was also detined at 0.05c for both upper and lower 

sides. The calcu lations were performed for 0° and l oo of angle of attack. The results a re shown 

in the plots in Figure 65. 
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Figure 65 - Boundary layer displacement thickness for different pylon profiles 
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From the results, it can be verified that the airfoil with the lowest boundary layer 

displacement thickness, for a = 0° and x/c= 0.7, was the EPPLER 297. However, the boundary 

layer growth rate for this airfoil is high, and for the next chordwise position, it has the highest 

õ* from ali profiles. For the foll owing chordwise positions the NACA 0012 provides the lowest 

results, same as ali positions for a.= l oo. Therefore, the NACA 0012 was the chosen airfoil. 

The aerodynamic results and the simplicity of this airfoil make it the best candidate for 

the pylon. Given that many similar wings with this profile have been built in the LAE, the 

construction process was not very complex. In arder for the pylon to be assembled at the rig, 

the upper and lower surfaces, manufactured from wood, needed to be built separately, dueto 

the presence ofthe support strut, and screwed together at the rig. The model also needed internai 

channels to fit the tubes used for surface pressure measurements (Section 3.4.3) which would 

go through the strut to the bottom of the model, to be attached to the pressure transducer. The 

resultant installed configuration is shown in Figure 66. 
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Figure 66- Installed configurations with 3- and 4-bladed propellers 

Source - Author 

For some tests of the installed configuration, a tripping device was be used to induce 

boundary layer transition at a preselected region. This was be done in order to simulate a more 

realistic condition of boundary layer growth, increasing the similarity ofthe tests to a full-scale 

configuration. For that purpose, a zigzag adhes ive strip was cut and placed in a position 

correspondent to 5% of the pylon chord, as shown in Figure 67. Thus, laminar separation and 

the formation ofbubbles are no longer expected to occur. The effects ofthe add ition ofthe trip 

were be investigated through both aerodynamic and aeroacoustic tests. 

Figure 67 - lnstalled configurations with 3- and 4-bladed propellers 

Source - Author 
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3.2.3 Blown Configuration 

For the design ofthe blowing system, the only initial requirement was that it should be 

positioned on both upper and lower surfaces of the pylon. This was decided as so to ensure an 

enough mixing length between the jet and the externai flow, as opposed to positioning the 

blowing slot at the trailing edge. The effect of the adverse pressure gradient on the remaining 

length before reaching the trailing edge wi ll be counterbalanced by an increase in the jet 

velocity, with the objective to keep the boundary layer thickness to a minimum and 

consequently the wake, after the separation at the trailing edge. 

fnitially, it was thought to use the same values as Gentry Jr., Booth Jr. and Takallu 

( 1990), and position the slot at 80% o f the pylon chord. However, it was decided to move the 

slot upstream, to a pos ition corresponding to O. 7c. This was done for three reasons: first, there 

would be a longer distance between the slot and the propeller, which would allow for a longer 

mixing length and the velocity profile of the wake would in turn be more uniform. Secondly, at 

this point, the boundary layer thickness would be smaller, also reducing the necessary blowing 

mass-flow. Finally, the profile itself is also thicker at this position, wh ich allows more space 

for placing the system components with a lower risk of structural damage. 

The dimensioning of the system started w ith the span of the blowing slot. Initially, the 

propeller radius, minus the region ofthe nacelle, was considered for this dimension. However, 

given the effect of the propeller to contract the upstream flow, the blowing slot span was 

increased by I 0%. Larger spans, up to 25% ofthe propeller radius would be suggested, but this 

would require an increase in the mass tlow, in order to have the same velocity at the slot. Since 

the air supply system conditions are a constraint, it was decided to keep this extra length as an 

intermediary value. 

The slot height was defined based on the boundary layer characteristics at that specific 

point. The non-dimensional value for o· at 0.7c, for zero angle of attack, can be taken from the 

chart in Figure 65 as approximately 3. 1 x I o-2. By considering the pylon chord of 400 mm, the 

displacement thickness at that point will then be equal to 1.22 mm. Although the actual 

boundary layer thickness at that point wou ld be larger, it was decided to keep the s lot height to 

2 mm, which is the minimum feasible value for manufacture purposes, in orderto get the highest 

possible outflow velocity. Despite the relative thick boundary layer at this point, this blowing 

concept was based on giving the highest outflow velocity possible so the boundary layer growth 

downstream ofth is point would be kept small as possible. 
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Afterwards, it was necessary to define an air feeding system for this slot. The design of 

this system was based on the work of C roce ( 1998), who investigated the addition o f mass to 

the wakes of a fi xed anda rotating cylinder. In his work, this was carried out by positioning a 

secondary cylinder, with a much smaller diameter, downstream ofthe one that was the subject 

of the study. This mass addition cylinder had severa! holes of 1.5 mm throughout its span, so 

the blowing occurs at discrete positions and the mixing occurs in the wake. One ofthe ends was 

sealed, while the other was connected to the air supply system. This configuration is shown in 

Figure 68, and the actual cylinder with the holes is shown in Figure 69. 

Figure 68- Configuration for blowing in a cylinder wake 

Source- Adapted from C roce ( 1998) 
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Figure 69- Cylinder for mass injection with discrete blowing slots 

Source - Author 

The results for the velocity profile in the cylinder wake with and w ithout the blowing 

are shown in Figure 70. The blowing mass flow was set for the optimum condition as so to 

eliminate the velocity deficit and make the profil e uniform. Very satisfacrory resul ts were 

achieved with this configuration and, despite the discrete mass injections from each slot, a good 

mixing occurs with the externai flow. Therefore, this blowing concept was used as the basis for 
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the pylon system, where one o f the ma in concerns was the uniformity of the flow upstream o f 

the propeller. 

Figure 70- Velocity profile for the cylinder wake with and without blowing 
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Another advantage of thi s system is the less need for internai space ins ide the pylon to 

fi t the ducts and channels. Given the aspect ratio o f the pylon, an internai geometry to turn the 

flow 90° smoothly from the inlet to the blowing slots would have to occupy almost the entire 

chord distance, even with the aid ofturning vanes to guide the flow. This configuration would 

be expected to be more complex, and the outflow velocity might not have the expected 

characteristics. Therefore, th is configuration was abandoned and the cylinder w ith holes was 

chosen as the air supply system. 

For th is cyl inder with holes configuration to be applied at the pylon, there must be a 

path for the flow to leave the cylinder and reach the exit slot smoothly. This path must not be 

excessively long to avo id friction Iosses. Moreover, aiming to avoid any type of adverse 

pressure gradient, since the s lot height was setas 2 mm, the cylinder holes were drilled with 

diameter of 2.4 mm, and the channel between them was designed with an always-contracting 

cross-section. These internai channels were a lso drawn symmetrically re lative to the chord, so 

that the same mass flow wou ld be delivered to both upper and lower surfaces. The cross-section 

of the blowing region on the pylon is shown in Figure 71 . 

Figure 71- Shape ofthe pylon trailing edge with integrated blowing system 
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The a ir supply duct was built from a copper tube of 15 mm of diameter, with a row of 

holes for the blowing flow. These holes were drilled with the aid of a CNC machine, in arder 

to assure correct placement and even spacing between them. The holes were drilled with a 

diameter of 2.4 mm, with a spacing of 4.4 mm between centers. In total, 44 holes were drilled 

to cover the entire span ofthe blown region. The cyl inder with the holes is shown in Figure 74. 

Figure 74 - Drilled cylinder for feeding air to the blowing slots 

Source - Author 

Finally, the air for the blowing was supplied from a compressor at the LAE with 

maximum nominal mass flow rate o f 71 O Llmin. However, given the capacity ofthe compressor 

tank, this mass flow cannot be sustained for a long time. Therefore, the tests with blowing had 

to be conducted before the tank turned empty. The actual mass flow at the blowing will be 

smaller than this value, given the pressure losses throughout the circuit. The wind tunnel model 

equipped with the blowing system is shown in Figure 75. The fairings between the pylon and 

the nacelle had to be adapted for this configuration. 

Figure 75- Model in blown configuration with 4-bladed propeller 

Source - Author 
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An issue with this configuration was found during preliminary tests of feed ing air 

through the cylinder. The flow could not properly turn at the lower holes, and it tended to exit 

the cylinder only through the upper ones. This would result in a high non-uniformity in the 

blowing outflow, which means the wakes would not be properly filled and possibly no 

aeroacoustic benefits would be obtained. To fix this issue, small tubes were placed and glued 

inside the holes to better direct the flow outwards of the cylinder, perpendicular to each hole, 

as shown in Figure 76. Ideally, these tubes should have been longer outside ofthe cylinder, but 

given the limited space, they were trimmed at the cylinder surface. Although this is not an 

optimized solution, since these tubes will result in more pressure losses, it was found that the 

outflow unifonnity had significantly improved, in comparison to the original results. The 

aerodynamic measurements for the blowing are shown in Section 4.3. 

Figure 76- Tubes inside the cylinder boles to direction the blowing outtlow 
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Source - Author 

3.3 COORD!NA TES SYSTEMS 

For the experimental campaign in this work, two different Cartesian coordinates systems 

were adopted. The first one places the origin at the intersection of the horizontal line, 

corresponding to the propeller axis, and the vertical line ofthe pylon leading edge, as shown in 

Figure 77. This one was used for ali the aerodynamic measurements, including the forces, 

surface pressures and flowfield mapping tests. For the isolated case, the position o f the origin 

is not relevant to data obtained, thus it wi ll be actually used only for the installed and blown 

configurations. This coordinate system was chosen to facilitate the analysis of the surface 

pressures on the pylon, since x == O corresponds to the leading edge, as well as the hot-wire 

measurements, since the spanwise positions can be described as radial stations ofthe propeller 

blades. 



Figure 77- Coordinates systems for aerodynamic tests 
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The aeroacoustic coordinates system is positioned at the intersection with the propeller 

plane and the propeller axis. This point is coincident with the center of the microphone array, 

so that the distance between the microphones to the no i se source can be defined as half o f the 

working section width, as shown in Figure 78. 

Figure 78- Coordinates systems for aeroacoustic tests 
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Two secondary coordinates systems were also included for the directivity and angle of 

attack aeroacoustic analyses. For the tests at different directivity angles, the model was moved 

forward and backwards, with the angle between the propeJler plane and the array center defined 

as the directivity El, as shown in Figure 79. When the propeller plane is aligned with the center 

of the array, this position corresponds to e = 90°. For the angle of attack, the positive o.. 

convention was different for when the propeller is mounted either in tractor or pusher positions, 

as shown in Figure 80. This was defined as such, since the direction of rotation was the opposite 

for the two positions. 
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Figure 79- Convention for directivity aeroacoustic measurements 
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Figure 80 - Convention for angle of attack aeroacoustic measurements 
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3.4 INSTRUMENTA TION ANO MEAS UREMENT TECHN IQUES 

In this section, the instruments and the techniques empJoyed for the aerodynamic and 

aeroacoustic measurements wi ll be described. Only the basic characteristics of the instruments 

will be stated in this section. For more information, refer to Appendix B ofthis work. 

3.4. 1 Measurements of Free Stream Conditions 

Before the actual wind tunnel tests start, initial measurements related to the atmospheric 

and aerodynamic properties ofthe free stream need to be performed. These are required for the 

non-d imesionalization of parameters, in o rder to have an independence from the model scale . 
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They can a1so be used to c01-relate the obtained results with a spec ific flow condition (e.g. Mach 

number). One of these flow properties is the atmospheric pressure, wh ich can be measured 

through a calibrated mercury barometer, with a precision of I mmHg. 

Another important flow parameter is the temperature, for both aerodynamics and 

aeroacoustics, since it influences the flow Mach number (M), as shown in Equation 4. Since the 

tunnel is of the closed circuit type, it is expected that, during the execution of a test, the air 

temperature increases continuously until it stabilizes in a levei different fro m the one at the start 

of the test. The longer the test lasts, the higher is the temperature variation inside the tunnel, 

which must be taken into account. The flow temperature measurements inside the tunnel are 

conducted with a thermocouple with a precision o f 0.1 °C. 

v 
M=--

.JyRT 

Source- Houghton and Carpenter (2003) 

Equation 4 

In Equation 4, V represents the flow velocity, y is the ratio of specific heats ( equal to 1.4 

for standard air conditions), T is temperature, and R is the un iversal gas constant, equal to 287 

J/(kg.K), in S.I. units, for air. By having the local static pressure (p) and temperature, the air 

density (p) can be calculated through the Ideal Gas Law, as shown in Equation 5, also using the 

universal gas constant. The density value is used to calcu lare the dynamic pressure. 

p 
p = RT 

Source- Houghton and Carpenter (2003) 

Equation 5 

The last main free stream parameter to be measured is the dynamic pressure (q), which 

in tum is used to calculate the free stream speed ( U""), for the local air density, as shown in 

Equation 6. This dynamic pressure can be measured through a differentia l micromanometer, 

which is connected to a Pitot-static probe, mounted inside of the working section. This probe 

measures both the total and the static pressure of the flow, and the pressure differential between 

them, the dynamic pressure, is then displayed by the micromanometer. The model used, with 

precision of 0.1 Pa, is described in Appendix B I. 

Uoo = ft Equation 6 

Source- Houghton and Carpenter (2003) 
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3 .4.2 Measurements of Aerodynamic Forces 

For the measurement of the aerodynamic forces acting on the model, a 3-component 

externa i ba lance was used, which was des igned and built at the LAE. This ba lance has the 

capability of measuring aerodynam ic loads in a sing le plane, which is usually chosen as the 

long itud inal plane, for the measurement of lift and drag forces and pitching moment. ft is 

equipped w ith strain gauges fixed o n a luminum plates (load cells), which will displace when 

the loads are transferred from the model to the balance where it is mounted. This displacement 

wi ll change the strain gauge e lectric resistance and thus the current through it, for a given 

applied voltage. 

The strain gauges are mounted in a Wheatstone bridge circuit, in order to fac ilitate the 

measurements, g iven the low orde r o f variation in the resistance of these components. Starting 

with the bridge in the ba lanced cond it ion, when a load is applied to the gauge, the resistance 

variation will unbalance the bridge, and the resultant voltage can be more easily measured. In 

the LAEl externa i ba lance, full bridges contigurations, in which a li the four resistors in the 

Wheatstone bridge are changed to strain gauges, are used for each of the directions of 

measurement. The balance has a measurement precision o f O. 7% for maximum loading, thus 

1.0 N for Iift force, 0.19 N for d rag force, and 1 Nm for pitching moment (MAUNSELL, 1977). 

The aerodynamic ba lance is posit ioned beneath the working section of the w ind tunnel and is 

shown in Figu re 81. 

Figure 81 - Aerodynamic balance at the LAE I wind tunnel 

Source - Author 

The vo ltage measurements from the strain gauges are then amplified throug h a HBM 

(Hottinger Baldwin Messtechnik) MGCP!us modu le, which allows for gains and fil tering 

regulations. The HBM data is described in Appendix B2. The tests with the aerodynamic 
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balance were ali conducted using a sampling frequency of I 000 Hz and measurement time o f 5 

seconds. Since the signal provided by the HBM has an electric nature, it must be convetied to 

force units through a calibration curve. The calibration procedure is described in Appendix 8 2. 

The calibration constant is then embedded in the acquisition software, so the output is already 

in force units. 

The angle o f attack of the model is manually set, and thus a reference for positioning 

the model is needed, in this case, the working section walls were used. A good procedure for 

estimating the zero angle of attack of the model is measuring its lift force. S ince the model is 

ideally symmetric (with possible minar variations during construction), the angle for which the 

lift is null is most likely the zero degree. Thus, ifthe lift curveis phased out from the origin, it 

can be offset of that angle. The model is mounted in a turntable, with a 0.5° precision. This 

turntable is controlled by a stepper motor, activated by a MA TLAB® script, anda power screw 

that assures the precision ofthe angle of attack variation. 

3.4.3 Measurements o f Surface Pressures 

Pressure measurements were conducted on the pylon surface with the aid of a 

Scanivalve™ pressure scanner, model ZOC33/64Px, as described in Appendix 8 3. The output 

from thi s instrument is a pressure differential, and thus, a reference of constam value must be 

used. For these tests, the static pressure in the tunnel working section was selected to facilitate 

the data post-processing. The Scanivalve™ used throughout this work has a full-scale range of 

±20 inH20 (0.72 psi) and the acquisition was performed with a sample rate of 5 kHz and I 000 

samples per tapping. 

In arder to measure the pressure at the surface ofthe pylon, the model must be equipped 

with taps in the chordwise direction. Therefore, holes of 1.2 mm of diameter were drilled on 

the surface at specific points, both on the upper and lower sides of the pylon. For this work, a 

single row of pressure tappings was chosen, which was positioned at the spanwise station 

equivalent to 70% o f the propeller radius (r/R = O. 70), as shown in Figure 82. Each si de o f the 

pylon has 2 I tappings, making 42 on the total. The tappings coordinates are íncluded in the 

Appendix A. 

Tubes were then attached to those holes and connected to the Scanívalve™ for the 

pressure measurements. lt is also necessary to connect the tubes from the static and total 

pressure ofthe free stream, carried out with the Pitot-static probe inside the tunnel. Thus, these 

parameters were also acquired and used for non-dimensionalization ofthe static pressure values 

on the pylon surface. 
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Figure 82- Location ofthe pylon pressure tappings row 

Source - Author 

3 .4.4 Measurements o f the Flowfield Characteristics 

Flowfield measurements were carried out to map the region downstream of the pylon 

trailing edge, in order to obtain the wake characteristics. For these tests, a hot-wire anemometer 

was used, which allows for the measurement of severa! flow parameters, such as mean 

velocities, flow angularities and turbulence leveis, carried out with a very high precision and at 

very high frequencies. The probes are small wires, with diameter in the order of micrometers, 

attached to prongs. This technique is based on feeding current through the wire, which raises 

its temperature. For a given flow velocity, the heat exchange dueto convection can be measured 

as voltage across the bridge, and correlated to thi s velocity through calibration charts 

(BARLOW; RAE JR.; POPE, 1999). 

For the wake measurements, a Dual Sensor X-Shaped probe was chosen, wherein the 

wires are placed parallel to the probe axis. This was required due to the very limited space 

between the pylon and the propeller. With this configuration, the interference of the probe 

support structure in the flow can be the smallest possible. This probe was acquired from Dantec 

Dynamics™, and it ís described in Appendix 84. 

This hot-wire is of the Constant Temperature Anemometer (CTA) type. For this case, 

e lectronic circuits include a feedback differential amplifier to obtain a rapid variation in the 

heating current to compensate for instantaneous changes in the flow velocity and thus maintain 

the wire ata constant resistance and temperature, which is easier to use in incompress ible flows. 

This way, the voltage changes at the bridge, necessary to modify the current, can be measured 

and the result will be proportional to the instantaneous flow velocity (BRUUN, 1995). 
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A Dantec™ StreamLine analog anemometer system was used with CTA modules for 

the measurements. The system is operated by the StreamWare Pro application software, which 

performs set-up, automatic probe calibration, and data acquisition, conversion and reduction. 

The data acquisition for the flowfie\d measurements was performed with a I kHz sampling rate, 

and I 024 samples were taken. In order to verify the time history of the hot-wire data, some 

measurements were conducted at higher frequencies, of 16 kHz, with I 00000 samples. The 

calibration of the probes (both velocity magnitude and directions) was performed with an 

Automatic Calibrator, al so from DANTEC™, and the calibration curveis shown in Appendix 

B4. 

During the measurements, the probe is controlled by 3-axis traverse system, allowing it 

to move in ali three orthogonal directions, ifnecessary. Thus, before the startofthe experiment, 

a grid must be defined in which the acquisition will be performed for ali defined points. This 

grid can be a line, a plane ora volume and can be refined to a precision ofup to 12.5 J.lm or 6.5 

J.lffi (depending on the axis), according to the needs ofthe experiment. 

The hot-wire measurements of the pylon wake were conducted for five spanwrse 

stations, starting at r = 0.40R with a space of 40 mm between them. The following stations are 

then at 0.60R, 0.80R, I.OOR and 1.2R. The latter was chosen to verify if there was still an 

intluence from the slipstream at this region, which is shortly after the blowing span. These 

stations are shown in Figure 83. The probe was set halfway between the pylon trailing edge and 

the propeller plane to avoid any contact with these components, which could damage the probe. 

The hot-wire probe placed downstream ofthe pylon trailing edge is shown in Figure 84. 

Fígure 83 - Spanwise stations for pylon wake measurements 

Source - Author 
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Figure 84- Flow mapping between the pylon trailing edge and the propeller 

Source- Author 

3.4.5 Aeroacoustic Measurements 

For the aeroacoustic measurements, in-flow microphones were used to perform sound 

pressure acquisition, since the LAE I wind tunnel is of the closed circuit type. An array of 61 

microphones G.R.A.S. 46 BD is available for the aeroacoustic tests. This array is flush mounted 

on one ofthe working section wa11s. This array has a modified spiral geometry, in order to allow 

measurements at both low and high frequencies, with a diameter of approximately 0.85 m, as 

shown in Figure 85. 

Figure 85 - Microphone array at LAEl 
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The beamwidth (main lobe width ofthe array response pattern at -3 dB ofits peak value) 

and dynamic range (difference between the peak value for the main lobe and for the highest 

secondary lobe) this array is shown in Figure 86 (PAGANI JR., 2014). 

Figure 86 - Beamwidth and dynamic range o f the array 
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The data acquisition is performed through a PX I system, composed by 4 N l PXIe-4496 

(IEPE) with 16 channels each and capacity to hold 64 analog inputs simultaneously, with 24 

bits resolution and maximum sample rate of 204.8 kS/s. MA TLAB® codes developed at the 

LAE were used to acquire the signal from the microphones. A sample rate of I 02.4 kHz and an 

acquisition time of20 s were used. The conversion from the raw signals was already performed 

during acquisition, through the microphone calibration curves embedded in the MA TLAB® 

c odes. 

3.5 DATA POST-PROCESSING ANO PRESENTATION 

The data acquired from the various instruments need to be post-processed, in order to 

provide the actual results ofthe analyses. 

3.5. 1 Aerodynamic Measurements 

For the aerodynamic measurements of the isolated propeller, it is possible to measure 

only the thrust force, which will be plotted against the advance ratio (J), given by Equation 7. 

This parameter was altered by changing the wind tunnel speed ( UY.J), while the propeller rotation 

(n) and diameter (D) were kept constant. However, variations in the wind tunnel flow speed 

also induced variations in the propeller rotation, which had to be taken into account in the 

advance ratio calculation. In order to get the net thrust force, the model drag was measured in 
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a prop-off condition, and the results used as offset for the prop-on results. The thrust was also 

non-dimensionalized to its respective coefficient, as shown in Equation 8. 

J nD 

T c---­
T- pn2D+ 

Source - Houghton and Carpenter (2003) 

Equation 7 

Equation 8 

The surface pressure data is obtained as a differential between the static pressure on the 

model (Ps) anda reference value (Pref), setas the working section static pressure. This was done 

in arder to calculate the pressure coefficient (Equation 9) and perform a non-dimensional 

analysis ofthis parameter. Thus, the pressure coefficient was calculated for each tapping on the 

model and then plotted versus its x-ax is coordinate, as a percentage of the pylon chord. The 

dynamic pressure was obtained by plugging one port of the Scanivalve™ to the wind tunnel 

total pressure. Since it is already a differential measurement, the obtained result at that port was 

the dynamic pressure. The conversion o f data to pressure units was automatically performed in 

the acquisition software. 

Ps- Pref 
Cp = 

q 

Source- Houghton and Carpenter (2003) 

Equation 9 

For the tlowfield measurements, the hot-wire statied measuring at a distance o f 35 mm 

ofthe trailing edge in the z-axis and measure 71 points (l mm spacing) in this direction. For the 

blown configuration, only 35 points could be measured (2 mm spacing), before the blowing 

mass flow would start to decrease, given the tank capacity of the compressor. The local 

velocities u and v will be non-dimensionalized by the free stream speed, for each condition. 

As described by the manufacturer, the Dual Sensor X-Shaped probe measures two 

velocity components in the xy-plane ofthe probe coordinate system, U1cal and U2ca1, based on a 

previously performed calibration. These are used for the calculations in the wire coordinate 

system, using the yaw-factors (k1 and k2) and the angles between the wires and axes (a.1 and 0.2), 

as described in Equation I O and Equation I I (DANTEC DYNAMTCS, 2000) . The default 

values provided by the manufacturer were used to calculate the velocities, also shown below. 
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Equation 10 

Equation 11 

kf = 0.06 ; ki = 0.062 ; a 1 = a2 = 45° 

Source- Dantec Dynamics (2000) 

Then, the velocities can be converted into probe coordinates, through Equation 12 and 

Equation 13. 

Equation 12 

Equation 13 

Source - Dantec Dynamics (2000) 

After the datais converted into u and v velocities, severa! calculations can be performed 

with it. An interesting parameter is the wake velocity deficit, which can be calculated through 

the integral ofthe wake profile at the measured region. This parameter gives an idea on the flow 

uniformity, which is also related to the unsteady blade loading and noise penalty in the installed 

configuration. Based on the non-dimensional wake protile, the velocity deficit can be calculated 

through Equation 14, where Zmax and Zmin are the boundaries o f the measured domain. 

1 fzmax lu(z) I 
I= ---1 dz 

Zmax - Zmin Zmin U oo 

Equation 14 

Source- Author 

The hot-wire also allowed for the measurements ofthe spectra inside and outside ofthe 

wake flow, in a manner similar to the one performed by Horne & Soderman (1988). Through 

these spectra, it is possible to verify the disturbances caused by the propeller on the tlow and 

compare the turbulence for those two regions. The results from these analyses can be correlated 

to the microphone acoustic measurements. The spectra were constructed through the 

application ofthe Welch's method on the time history data, measured by the hot-wire, with the 

post-processing parameters described in Table 2. 

Table 2 - Parameters for hot-wire spectral analysis 

Block size 8192 

Block overlap 0.5 

Window Hanning 

Source - Author 
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The Welch's method consists m estimating the power spectral density from the 

measurements through a fast Fourier transform . The process starts with the divis ion ofthe time 

series data into overlapping (or not) segments, then computing a modified periodogram for each 

section and finally averaging them to obtain PSD estimates (WELCH, 1967). The data post­

processing through the Welch's method was carried out through a MATLAB® routine. Given 

its relative simplicity and computational efficiency, this method was shown to provide tàst and 

high quality results. 

3.5.2 Aeroacoustic Measurements 

The aeroacoustic measurements underwent two types of post-processing. The first one 

was also based on the Welch's method, and provided the results in tenns of noise spectra in the 

frequency domain. The second one was based on phased array microphone measurements and 

beamforming techniques to plot the location ofthe noise sources and their respective strength . 

Different types o f spectra can be obtained from Welch 's method. An average o f the PSD 

leveis from ali microphones can be performed (auto-spectra), in a rder to avoid any effects from 

microphone positioning and distance to the noise sources. However, as will be presented in the 

next chapters, the wind tunne l background noise is relatively Iarge in comparison to the model 

noise, at a speci fic frequency range. Therefore, in arder to reduce the effeccs from the wall 

boundary layer, a cross-spectral analysis was conducted between the time series of a selected 

microphone and the remaining ones. The elements in the main diagonal of this cross-spectra 

matrix needed to be removed, since they represent the microphones self-noise spectra. The 

resultant PSD values were then averaged, and plotted against the frequency. The parameters 

used for this approach are included in Table 3. 

Table 3 - Parameters for microphone spectral analysis 

Source to microphone distance (m) 0.85 

Block size 8192 

Block overlap 0.5 

Window Hanning 

Microphone ID for CSA 2 

Source- Author 

The se lected microphone for the cross-spectral analysis was the one closest to center of 

the array (mie. #2), which is also closer to the propeller center. A block size of 8192 samples 

was chosen, w ith a 50% overlap. A source to microphone distance of 0.85 was selected. by 
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considering the center o f the propeller as the origin, which was positioned at the center o f the 

working section. 

Besides the Welch's method for spectral analysis, a noise source localization was carried 

out through phased array measurements, which are processed using a technique known as 

beamforming. Through this process, a time series of simultaneously acquired data from the 

microphones is post-processed in order to determine the sources location and strength, based 

on a series of grid points in a plane (HOR V A TH, 20 15). The output result is then a mapping of 

the sources distribution at specific frequencies, which allows for conclusions on the noise 

generation mechanisms and propagation. 

The phased anay for aeroacoustic measurements in hard-walled wind tunnels is also 

based on simultaneous time series acquisition ofthe pressure at the microphones. These series 

are then partitioned in blocks, an analysis frequency is selected and a digital filtering technique 

is used to compute a complex frequency-domain pressure amplitude for each block and each 

microphone. A series of frequencies are then processed to create a spectrum. In its simplest 

version, beamfonning scales the microphone outputs by the elements of a steering vector and 

sums them, and consequently, the array will be steered to a specific point ofthe grid. For each 

of these points, the beamfonning expression is calculated and plotted, which represents an 

estimate ofthe sum ofthe acoustic pressure-squared over each ofthe array microphones, caused 

by a source. The array cross-spectral matrix is also included in this calculation (MUELLER, 

2002). 

The beamforming code used in this work was developed at LAEl by Pagani Jr. (2014). 

lt uses a conventional beamfonning method (variation of the sum-and-delay method). The 

sources distribution and strength will be plotted o ver a CAD drawing (instead of a photograph, 

as commonly used) ofthe model, in order to scale the grid properly and the regions of interest 

ofthe analysis. The grid dimensions for the beamforming analyses are included in Table 4, and 

they represent a vertical plane that is parallel to the microphone array and passes through the 

propeller axis. 

Table 4- Grid dimensions for beamforming analyses 

Width (nt] 0.8 

Height Jml 1.3 

Grid depth (m] 0.85 

Source- Author 
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[t is wotih mentioning, however, that the application of regular beamforrning for 

rotating propellers is not a trivial task. [t has been previously done by Horvath, Envia and 

Podboy (20 13) for the investigation o f phased array measurements of the open rotor model 

shown in Figure 27, in arder to locate the sour·ces responsible for the noise radiation from this 

model. Similarly as was performed in this work, the examined plane is a vertical one parallel 

to the array and crossing the propellers axes. 

The beamforming analyses at frequencies correspondent to the tonal peaks placed the 

sources either outboard o f the blade tip o r inboard of the blade root, w ithin the hub, instead of 

along the span ofthe rotors, as was expected. According to the authors, those results are related 

to a radial station, at which the radiation efficiency is highest for any circumferential spinning 

mode, known as "Mach radius", denoted by z* (HORVATH; ENVIA; PODBOY, 2013). This 

refers to a station that approaches the observer at sonic speed (M = 1 ), at some time in each 

propeller revolution. Thi s station is a function ofthe axial and tip rotatio nal Mach numbers (Mx 

and Mt, respectively) and the angle between the flight axis and the observer (e), as given by 

Equatio n 15 (CRIGHTON; PARRY, I 992). 

1- Mxcos(8) 
z*=-----

Mtsin(8) 
Equation 15 

Source - Crighton and Parry ( 1992) 

For the Mach radius calculations performed by Horvath, Envia and Podboy (20 13), the 

e angle was defined as 90°, which corresponds to the angle relative to the center ofthe array. 

From the beamforming maps, shown in Figure 87a and Figure 87b for the front rotor BPF tone 

and aft rotor BPF tone, respective ly , it can be seen that location of the apparent noise source 

can be very well predicted by the Mach radius location (red tine). 

Figure 87 - Mach radius location at the beamforming maps 
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Source - Horvath, Envia and Podboy (20 13) 

According to the authors, the beamforming places the noise source at this apparent 

location (instead of at the blades), beca use of the spiraling nature o f the wavefront propagating 

away from the rotors. In addition, the red line representing the Mach radius does not pass 

exactly through the center of the beamforming peak due to severa! factors. One o f them is that 

the phased array (the observer) is not in the far field. Secondly, the Mach radius is calculated 

for the center ofthe array (8 = 90°), but in reality each microphone location would correspond 

to different Mach radii dueto the relative e angle (HORVATH; ENVIA; PODBOY, 20 13). 

Similarly as was shown in Figure 12, phased array measurements were also conducted 

for the open rotor in pusher configuration. The beamforming map shown in Figure 88 places 

the noise source at the blades, instead of the Mach radius position. This occurs since the 

dominant no i se generation mechanism for this case produces non-rotating noise so urces, dueto 

the stationary location of the pylon wake, and thus the wavefronts do not spiral as it occurs for 

the isolated case . Therefore, the Mach radius concept does not apply for this case (HORVATH ; 

ENVIA; PODBOY, 2013). 

Figure 88 - Beamforming map for installed open rotor 
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3.6 ANAL YSES AND PROCEDURES 

In this section, the main goals for each of the aerodynamic and aeroacoustic analyses 

will be outlined. Each series oftests were conducted forthe three model configurations, starting 

with the isolated, then the installed, and finally the blown configuration. The aeroacoustic tests 

were the same for ali three, with the cross-spectral analysis through the Welch's method and 

the source localization through beamforming, as already described. The aerodynamic tests were 

not the same for ali three, consisting in the propeller performance for the isolated case, the pylon 

surface pressure for the installed condition, and tlowfield measurements for both installed and 

blown configurations. The wind tunnel tests conducted in this work are shown in Figure 89. 

Figure 89- Wind tunnel campaign breakdown 

Source - Author 

The balance was used for measurements ofthe aerodynamic forces only for the isolated 

configuration. Despi te the effect o f the pylon wake on the propeller load ing, since it occurs only 

in a very small region, no visible changes on the propeller steady operating characteristics were 

expected to be measured with the balance. Tberefore, these tests were carried out only to obtain 

the thrust coefficient curve for both 3- and 4-bladed propellers, at the isolated configuration. 

Since there was no available rotating balance for torque measurements, this parameter, as well 

as the propeller efficiency, could not be measured. 

The pressure measurements on the surface of the pylon were carried out to assess the 

intluence o f the propeller intlow on the pylon, similarly as the worked performed by Catalano 

(l 993), verifying possible changes in the boundary layer transition and/or separation regions. 

Ideally, the surface pressure would be measured for the blown configurati on as well, but, given 
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the materiais and manufacture ofthe blowing trailing edge, it was not possible to drill the taps 

and attach the tubes safely to this region, without risking structural damage. 

The hot-wire anemometry tests allowed for an analysis of the pylon wake with and 

without blowing. Therefore, the effectiveness of the flow control system in reducing the 

velocity deficit on the wake was assessed. Different spanwise measurements were conducted, 

in order to evaluate the effect ofthe propeller intlow on the pylon wake profile. Spectra inside 

and outside of the wake were also measured with the hot-wire to verify the disturbances on the 

tlow caused by the propeller and the pylon wake. 

Finally, the acoustic spectra resultant from the cross-spectral analysis were compared 

for ali three configurations. The effect o f other parameters, such as the propeller angle o f attack 

and directivity, were also assessed, as well as the advance ratio. The expected optimum result 

is for the blown configuration noise leveis to be as close as possible to the isolated case, 

indicating that the tlow control was effective in reducing the noise component caused by the 

installation effects. The source localization through beamforming allowed for an investigation 

on which noise generation mechanism (steady loading noise or asymmetric loading noise, for 

example) was dominant for a specific condition and frequency, which aided the conclusions on 

the aeroacoustic behavior of each configuration. 
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4 AERODYNAMIC RESULTS 

In this section, the results from the wind tunnel aerodynamic tests w ill be described, for 

each configuration. This includes the propellers thrust curves, pylon surface pressure 

distribution, and the flowfield mapping at different spanwise stations. For al i the aerodynamic 

tests in this work, the propellers always operated at maximum rotational speed, and the advance 

ratio was controlled through the wind tunnel speed. 

4.1 ISOLATED CONFIGURATION 

For the isolated configuration, where the propeller is in the tractor position, the 

aerodynamic tests consisted in measuring the thrust force through the balance. lnitially, the 

model was tested without propeller, in arder to measure the rig drag variation with the free 

stream speed, which will offset the data obtained for the rotating propeller case. The drag force 

was measured for severa! velocities, starting from 1 O m/s up to 27 m/s. The results were kept 

in vo ltage units, and are shown in Figure 90. The data was approximated through a 2nd arder 

polynomial to s implify the subtraction from the thrust measurements. 

Figure 90 - Rig drag force variation with flow speed 
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Then, the net thrust of each prope ller could be obtained. The rotational speed of the 

propellers s lightly increased for higher tunnel speeds, induced by the free stream. Therefore, 

the tina! RPM value was measured through a strobe. The ana[ysis was performed in terms of 

advance ratio, in the conditions li sted in Table 5. The tests were conducted for zero angle of 

attack. After the subtraction of the rig drag, the thrust was converted to force units through the 

calibratio n constant and then non-dimensionalized through Equation 8. The thrust coefficient 

curves for the 3-bladed and 4-bladed propellers are shown in Figure 91. 
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Table 5- Flow and propeller operating conditions for thrust measurements 

3-BLADED PROPELLER 4-BLADED PROPELLER 

u" Jm/s] n[RPM] J Ux [m/sJ n[RPM] J 

7.6 4900 0.23 6.5 4900 0.19 

9.8 5000 0.29 8.1 4900 0.24 

12.1 5000 0.36 9.8 4950 0.29 

14.4 5000 0.42 I 1.6 4950 0.35 

16.7 5 100 0.48 13.5 5000 0.40 

19. 1 5200 0.54 15.3 5100 0.44 

21.5 5250 0.60 17.2 5200 0.49 

23.9 5400 0.65 19. 1 5300 0.53 

26.3 5550 0.70 21.0 5400 0.57 

28.7 5750 0.74 22.8 5500 0.6 1 

Source - A uthor 

Figure 91 - Thrust coefficient curves for the 3- and 4-bladed propellers with advance ratio 
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The curves shown in Figure 9 1 di splay a typical behavior for propellers, with decreasing 

thrust for increasing advance ratio. The 4-bladed propeller displayed slightly higher thrust 

leveis for lower advance ratios (up to 0.35), given the relative smaller pitch, of 6". However, 

the thrust tends to decrease rapidly, reaching zero at approximately J = 0.58. This propeller is 

then better suited for take-off conditions, at low flight speeds. The 3-bladed propeller, with a 

higher pitch (8") started displaying negative thrust values for J = 0.67, and the curve slope is 

much smaller, a llowing this configuration to be tested at higher flight speeds. Therefore, for the 
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following tests, the 4-bladed propeller will be investigated for lower flow speeds, reaching J = 

0.40, while the 3-bladed propeller wi ll be tested up to J = 0.60. 

4.2 INSTALLED CONFIGURA TION 

4.2. 1 Pylon Surface Pressure Distribution 

The surface pressure measurements were carried out to investigate the effect of the 

propeller on the flow around the pylon, verifying the occurrence of boundary layer transition 

and separation and possible changes to the regions where these phenomena occur. The tests 

were conducted for different advance ratios and angles of attack. The Reynolds number for the 

tests is based on the pylon chord of 400 mm and the wind tunnel speed. These parameters are 

listed in Table 6, with the minimum and maximum Reynolds values tested. 

Table 6- Flow and propeller operating conditions for surface pressure measurements 

a [0 1 0 15 1 10 / 15 

J (4-Biaded) H 0.30 I 0.40 

J (3-Biaded) 1-1 0.50 I 0.60 

Reynolds Number I-1 2.3 6 X 105 -4.85 X J05 

Source- Aurhor 

Initially, an analysis o f the effect o f advance ratio will be performed. For a li cases, the 

pressure distributions for a low angle of attack (5°) wi ll be compared for the range of advance 

ratios tested. The results are shown in Figure 92, for the 4-bladed and 3-bladed propellers, 

respectively. 

Figure 92 - Effect of 3- and 4-bladed propellers on pylon pressure distribution for a = 5° 
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By comparing rhe pressure di stribution curves for the prop-off and prop-on 

configurations, it can be verified that the rotating propeller has an effect of shifting the curves 

upwards, which means that the pressure on both upper and lower surfaces of the pylon beco me 

more negative. This effect had already been verified by Catalano ( 1993), and it occurs dueto 

the induced velocities on the infiow slipstream by the propeller (VPx), which tend to accelerate 

rhe fiow around the pylon, thus increasing the suction. Since the propeller axis is on the same 

line as the pylon chord, the upward and downward components of Vpz will cancel each other, 

so effect on the pylon upper and lower surfaces will be the same and so will the displacement 

of the curves, meaning that the net increase in lift will be zero. 

Since this effect is caused by the infiow slipstream. it will be affected by the propeller 

operating conditions, namely the advance ratio. By comparing the curves, it is possible to 

conclude that the velocities induced on the flow around the pylon will be higher for smaller 

advance ratios. The largest difference between the prop-off and prop-on curves can be verified 

for the 4-bladed propeller at J = 0.30. At this condition, the propeller is generating a high thrust, 

as was shown in Figure 91 . Therefore, for th is increased thrust condition, the flu id acceleration 

downstream of the propeller must also be higher, and consequently the induced velocities on 

the flow. To compensare for this and satisfy the continuity, a larger contraction of the stream 

tube that passes through the propeller is necessary. 

The induced velocities wi ll tend to be higher at the trailing edge region, since it is closer 

to the propeller and the stream tube has a small er cross-section. This can be verified for the J = 

0.30 condition. This higher velocity at tbe trailing edge will trans late into a reduction of the 

adverse pressure gradient and, consequently, tbe boundary layer growth rate will be smaller. 

With increasing advance ratio, tbe contraction rate o f the stream tube is smaller, so the induced 
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velocity at the trailing edge will tend to be the same as the rest ofthe pylon. This can be seen 

for the curves of the 3-bladed propeller. For 1 = 0.50, there is still some displacement at the 

trailing edge. However, for the highest obtained advance ratio (J = 0.60), there is practically no 

induced velocity on the pylon, and the curves tend to almost overlap. 

Changes in transition were not visible for lower angles of attack, most likely dueto the 

insufficient number of pressure tappings on the pylon surface. The effect on boundary layer 

separation was also not vi sible, for these conditions. Surface pressure measurements were al so 

conducted for a high angle o f attack condition (a= 15°), in arder to assess the propeller effects 

for a much thicker boundary layer. The charts displayed in Figure 93 display the results for this 

condition, for different advance ratios. 

Figure 93 - Effect of propellers on pylon pressure distribution for a. = 15° 
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For the 4-bladed propeller curve, the highest increase in suction occurs at the trailing 

edge, similarly as the previous results, indicating a reduction in the adverse pressure gradient. 

This also occurs at the suction peak, and the laminar separation region right downstream. A 

visible cbange occurs at the reattachment point, which moves towards the leading edge for the 

prop-on configuration. This is in accordance with the results from Catalano (1993), in which, 

for high angles of attack, the transition tends to occur sooner for the case with rotating propeller. 

The boundary layer separation will probably be occurring at the trailing edge or at the region 

right upstream, without pressure tappings, given the high tridimensional characteristic of the 

pylon. 

4.2.2 Pylon Wake Mapping 

T he pylon wake protiles were measured with a hot-wire anemometer, positioned 

halfway between the pylon trailing edge and the propeller plane. Severa! spanwise stations were 

mapped, in order to verify the effect of the propeller inflow at different blade radii . Two 

different advance ratios for each configuration were tested (0.3 and 0.4, for the 4-bladed 

propeller, and 0.5 and 0.6 for the 3-bladed propeller) in order to assess the effect ofthe propeller 

loading on the flow velocity distribution, similarly as was performed for the pylon pressure 

distribution. The configurations are compared in terms ofvelocity distribution, which was kept 

in dimensional units, in order to verify the overall increase in the local flow speed due to the 

propellers, similarly as was performed by H orne & Soderm an ( 1988). The pylon wake pro files 

are shown below fo r a condition ofzero angle of attack. 

Figure 94- Pylon wake profiles for prop-off configuration and 4-bladed propeller (J = 0.30) 
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Figure 95- Pylon wake profiles for prop-off configuration and 4-bladed propeller (J = 0.40) 
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Figure 96- Pylon wake profiles for prop-off configuration and 3-bladed propeller (J = 0.50) 
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Figure 97- Pylon wake profiles for prop-off configuration and 3-bladed propeller (J = 0.60) 
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By comparing the wake profiles, it can be seen that the prop-on configuration accelerates 

the upstream flow for practically ali positions and conditions measured. This effect is more 

expressive for the propeller at the lowest advance ratio (J = 0.30), which cotTesponds to the 

highest blade loading condition. Increases of more than 2 m/s to the local free stream speed 

were achieved at the position closest to the hub (r/R = 0.4). For increasing advance ratio, this 

flow acceleration still occurs, but to a lesser extent. This is in accordance with the pylon 

pressure distribution, which underwent the highest increase in suction for J = 0.30. Therefore, 

the phenomena to explain this effect is the same described in the previous section, related to the 

necessary flow acceleration to provide the given thrust value. Similarly as the pressure 

distribution, the conditions at the highest advance ratio, with almost no thrust being generated, 

provided the smal!est increases in flow speed. 

This effect is also more expressive near the blade hub, and the flow acceleration tends 

to decrease towards the blade tip. This trend occurs for a li advance ratios, for both 3- and 4-
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bladed propellers. For the 4-bladed at J = 0.40, as can be seen from Figure 95, the prop-on 

velocity profile becomes equal to the prop-off configuration at the r/R = 1.2 station. At this 

region, there is hardly any effect from the slipstream, which is likely to have a larger cross­

section, for this condition. 

For most ofthe profiles, the wake width and velocity deficit do not change for the prop­

on configuration. The integral o f the wake velocity deficit allows for conclusions on how the 

propeller affects the boundary layer behavior on the pylon. By calculating this integral, using 

Equation 14, it is possible to assess i f the blade loading distribution affects the flow velocity 

profile at different pylon stations. The wake deficit for those stations, and at different advance 

ratios, are shown in Figure 98. 

Figure 98- Integral wake velocity deficit for prop-off, 3- and 4-bladed propellers 
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As shown in Figure 98, the lowest deficits were found for the riR = 0.6 and r/R = 0.8 

stations. This is compatible with the region of higher blade thrust, which tends to be maximum 

near the r/R = 0.70 station. This is again more expressive for the lower advance ratio (J = 0.30), 

which also coincides with increased blade loading. Near the blade tips, or for higher advance 

ratios, the curves tend to overlap. Therefore, the propeller also affects the wake by decreasing 

the velocity deficit, for some flow conditions. 

In order to assess the effect o f the advance ratio, a single wake was measured at the r/R 

= 0.8 for different flow speeds. This analysis focused on verifying the variation of the integral 

velocity deficit, for different blade loadings. This station was selected for the measurements, 

since it is closer to the point o f maximum thrust on the blade. The variation percentage between 

the non-dimensional wake deficit for the prop-off and prop-on configurations, for different J 

values, are shown in Table 7. 

Table 7- Decrease percentage in the integral wake velocity deficit for different advance ratios 

Configuration J l-1 .ilnt. Vel. Deficit [%1 

4-Bladed 0.30 31 .6% 

4-Bladed 0.3 5 10.7% 

4-Biaded 0.40 6.9% 

4-Biaded 0.45 - L.8% 

3-Biaded 0.50 -0.8% 

3-B laded 0.55 0.4% 

3-Biaded 0.60 -2.0% 

3-Bladed 0.65 -3.1% 

Source- Author 

Similarly as the previous results, the non-dimensional wake velocity deficit turned to be 

smaller for the prop-on case on low advance r·atio conditions. For J = 0.30, which is the 

condition with highest thrust, the velocity deficit decreased approximately 32%, due to the 

acceleration provided by the propeller to the flow around the pylon, especially near the trailing 

edge region. For increasing advance ratio of the 4-bladed propeller, this effect tends to be 

reduced and the prop-on velocity deficit approaches the prop-off configuration. For the 3-

bladed propeller, there was no visible difference between the curves for any of the tested points, 

and the different is most likely in the variability of the measurements. This is compatible with 

the thrust curves obtained from the aerodynamic balance and the pylon pressure distribution. 
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The pylon wake profiles were also measured with a trip placed at 5% of the chord on 

the upper and lower surfaces, to force transition at this region. Since the turbulent boundary 

layer growth rate is much higher than the laminar, it is expected that, when separation occurs 

at the trailing edge, the wake present a higher velocity deficit, in comparison to the original 

results. The wake integral velocity deficit for the tripped case is compared with the natural 

transition configuration in Figure 99, for the different spanwise stations. 

Figure 99 - Effect of pylon transition trip on the wake velocity deficit 
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The wake integral velocity deficit increases for practically ali points measured for the 

tripped pylon case. The most expressive difference occurs for the 4-bladed propeller at I = 0.30, 

especially near the point of maximum blade loading (r/R= 0.70), being approximately 35% 

higher for the tripped case. Some effect is also visible at thi s same station for the other tested 

advance ratios. This means that, for the untripped case, the propeller had an effect of delaying 
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transítion, so that the boundary layer would remain laminar for a longer extent and thus have a 

lower growth rate. Since the trip forces the transition at a fixed region near the leading edge, 

the turbulent boundary layer, with a higher growth rate, will create a wake with higher velocity 

deficit, after separation at the trailing edge. This phenomenon is most likely happening for ali 

the measured poínts, at all tested conditions. 

The flow turbulence leveis in the x-direction could also be measured with the hot-wire. 

The charts in Figure 100 display the percentage of turbulence in the flow, relative to the flow 

speed, for the prop-on configurations compared to the prop-off case, at different advance ratios. 

These turbulence leve is were measured at the r/R= 0.8 station. Aside fi·om a slight shift of the 

curve on the z-direction, for the 4-bladed results, the curves display the same turbulence leveis 

for both prop-on and -off configurations. The increasing advance ratio, however, tends to reduce 

the maximum turbulence leveis from approximately 9.5% to 7% at the center ofthe wake. 

Figure 100 - Turbulence leveis at the wake for 3- and 4-bladed propellers 
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The data obtained from the hot-wire (time history) also allow for plotting the spectra of 

the flow disturbances with the frequency. Measurements were carried out at two points: one 

outs ide and another inside the wake (at the z =O position) at the riR= 0.8 station. These spectra 

are shown in Figure I O I for the prop-off and in Figure I 02 prop-on configurations. 

Figure 1 O I - Flow spectra inside and outside ofthe wake with hot-wire for pylon prop-off configuration 
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Figure I 02- Flow spectra inside and outside o f the wake with hot-wire for 4- and 3-bladed propellers, 

at J = 0.30 and J = 0.50, respectively 
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The spectra for the prop-off configuration showed the expected results, based on the 

ones obtained by Horne and Soderman ( 1988). Outside ofthe wake, the spectra displayed much 

lower values than inside of the wake, which is in accordance to the turbulence measurements 

from Figure I 00. For the prop-on configurations, severa! peaks can be seen at the outside ofthe 

wake curves, which are then related to the blade passage frequency and harmonics. Based on 

the maximum rotation of the motor (5000 RPM) and the number of blades o f each propeller, 

the expected and measured BPFs are shown in Table 8. The agreement between the values is 

very good, indicating a high measurement quality. 

Table 8 - Expected and measured BPf for 3- and 4-bladed propellers with hot-wire 

Configuration Expected BPF I Hz] Measured BPF JHzJ 

4-Biaded 333.3 325.2 

3-Bladed 250 257.8 

Source - Author 

The hot-wire was then able to capture the tones correspondent to the BPF and higher 

harmonics o f both propellers outside of the wake. However, when the measurement is carried 

out inside of the wake, the high turbulence leveis increase the broadband component, which 

buries most of the tones. Only the BPF peak remains visible, given the high power leveis 

associated with this frequency, especia lly for the 3-bladed propeller. These spectra can be 

correlated witb the microphone measurements, from Section 5, wh ich show the tones at the 

BPF and harmonics and the broadband component for the installed configuration. 
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4.3 BLOWN CONFIGURA TION 

4.3. I Pylon Wake Mapping 

For the blown configuration, the same pylon spanwise stations were mapped as 

previously, and the results are compared with the install ed case. The measurements for the two 

advance ratios of the 4-bladed propeller (J = 0.30 and J = 0.40) were successfully performed. 

However, before the tests for the 3-b\aded propeller could be carried out, the hot-wire probe 

malfunctioned. Therefore, no aerodynamic measurements for the 3-bladed blown config uration 

could be perfonn ed. These wake measurements were carried out with a sample rate of I kHz 

and 51 2 samples, in arder to avoid long measurements and variations on the blowing mass­

flow. Therefore, it was also not possible to verify the spectra from the hot-wire time history, as 

was previously da ne for the installed configuration. In th is section, since both tested 

configurations were prop-on, the results were non-dimensionalized by the free stream speed of 

each case, as shown in Figure I 03 and Figure I 04. 

Figure I 03- Pylon wake pro files for installed and blown 4-bladed prope ller (J = 0.30) 
Wdk~@ r • O 4r> Wak"' ~ 1 c 0.6R 

4U 4~ ... co 
jQ 

00 I" 4 Bl.cled rn•t.>lloo I lO 
co l" ~ BIJdoo lr" t.JII« J 00 co 

00 
o 4 Bl,,rJPd Sk>wn "" o 1\ BIJdro BID\.Jr. 00 "" O<) co 

00 
lO 

co 
IC 00 "" 00 ... 

co .., 
Q) w .. 

lO 
Q) 

1~ o o o 
e o 00 

e "o o" .. 
'E o o 

o o • o " o 
!. o o .:. o o 
N o o N o o 

o • o o 
o • " . 10 o • l l' ... 

00 .. 
o "' o "' o 

1~ "' ·1'' o o 
o o 
o o 
o o 

lO & }O ~ 
o o 
o o 

.. , -oiU 

~-~ O.b O.IJ 1.1 l.~ l.b o.• ~(i 0.6 1 u 1.~ 1.6 

u/U-fl u/U~fl 

Wak"' @ r = 0.8R Wak~ ~~r = l üR 
4!i ~-· 

(I) .. 1"4 lll•dc-d lrl'UIIe<f I ., I o 4 niJdr.d lmt>lletl_l ~(I "' !(I "' <> 
co 

• ~-aroded Blo·.•:n "' o .1. Bl.tdt"d B~\·,n w o 
(I) 

.,. 
(I) 

}() 
o 

lO ... <> .. o 
~ .. .. C> .. 

lG 
o 

w O> ., 
o o o o .. o o • • 

. 
E' o o e o o o o o 
.§. o ~ o o o • .... o • "' e • o .. o o 

o e 00 
~~ o JG ., 

o ., 
o .. 
o o 
o o 

IC o l~ o 
o o 
o o 
o o 

~~ 8 lO & 
o o 
o o 

-'lú -40 
o~ ~-5 0.11 l 1.1 1.~ 1.6 o.~ V.6 os l u I• 1.6 

u/U- 11 u/U-f f 



146 AERODYNAMIC RESULTS --------------------------------------------------------

.., 
!O 

<D .. .. 
3 
G 

lQ 
G 

"' "' g 
c 

10 o 
00 

0 0 

Ê 
0 0 

o 00 

! 00 
co 
• &, 

·10 C> 
o 
o 
g 

·lO o 
o 
o 
o 

lO % 
o 
o 

<1(1 

0.4 O.& O.R I 1J 1.~ L li 

u/V•II 

Source- Author 

Figure 104- Pylon wake profiles for installed and blown 4-bladed propeller (J = 0.40) 
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The wake profiles for the blown configuration indicate that the blowing outflow is not 

completely uniform in the spanwise direction. There is an increased velocity near the propel\er 

hub, with an overshooting for the r = 0.4R station and progressive decrease of the local flow 

speed towards the tip. For the J = 0.30 condition, the optimum station, where the wake is 

completely filled and mostly uniform occurs for r = 0.6R, whereas fo r J = 0.40, this occurs 

between the r = 0.4R and the r= 0.6R station. This non-uniformity in the blowing outflow was 

caused by the inability of the flow inside the cylinder to turn 90° at the exit holes. Therefore, 

there was a velocity component in the y-axis, and the air tended to flow towards the hub region 

of the propeller. In order to try to correct this issue, small tubes were insetted inside each hole 

to try to direct the fl ow towards the x-axis, as was shown in Figure 76. For better results, the 

tubes should be longer outside the cylinder so that the flow would be purely horizontal. 

However, given the limited space in the internai ducts, and to avoid further pressure tosses, the 

tubes were trimmed on the cylinder surface, and thus there was still a velocity component in 

the spanwise direction. 

Despite this non-uniformity, the obtained results are still encouraging, in the sense that 

the wake intensity was reduced for most of the blade radii stations. As was previously 

mentioned, since the mass flow of the blown air could not be controlled, there should be a 

velocity where the best results in terms o f propeller inflow unifonnity and wake velocity deficit 

are obtained. The non-dimens ional integral wake velocity deficit fo r the blowing-off and -Dn 

at the two tested advance ratio conditions are shown in Figure I 05. 
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Figure I 05 -Integral wake velocity deficit for installed and blown 4-bladed propeller 
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The integral ofthe wake velocity deficit allows for conclusions on the uniformity ofthe 

flow upstream of the propeller. As shown in Figure I 03 , for the J = 0.30 condition, there is 

some overshooting near the propeller hub, which tends to decrease towards the tip. At the r/R 

= 0.6 station, this deficit is nearly null, indicating this is the region where the flow is most 

uniform. Even after the propeller tip (r/R= 1.2), the velocity deficit for the blown configuration 

is also much lower than its installed counterpart. F o r the J = 0.40 condition, there is still a slight 

overshooting at the riR = 0.4 station, and the station with zero velocity deficit should be close 

to this position (~r/R= 0.45), based on the trend shown in Figure I 05. After the r/R = 0.6 station, 

the deficit tends to remain approximately constant, but with a value still much smaller than the 

installed configuration. Despite the wake not being eliminated for some of the stations, this 

deficit reduction shall still bring aerodynamic and aeroacoustic benefits, in comparison to the 

original installed case. Therefore, it is possible to conclude that the blowing is in fact reducing 

the flow non-uniformity at the wake, and thus will reduce the installation effects and noise 

penalty. 

With the wake velocity protile measured at severa! stations, it is possible to create a 

flow map downstream of the pylon trailing edge to provide a better visua lization on the 

differences between the installed and blown configurations, especially the reductions in the 

minimum velocity, at the center, as well as the wake width. The flow maps for the two tested 

advance ratios are shown in Figure I 06 and Figure I 07 with the propeller at the back for scale. 
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Figure I 06- Flow velocity contours for installed and blown configurations, respectively, at J = 0.30 
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Figure I 07 - Flow velocity contours for installed and blown configurations. respectively, at J = 0.40 

INSTALLED 4-BLADED @ J = 0.40 

\ 
\ 

\ 

----- - ---,-- --- --·~--- ----r--~- - -

) 
I 

··u~ .. ~l 

~.98 1 
0 .96 

• 0.94 
0 .92 
0.9 
0 .88 
086 
0.134 
o 132 
0.8 
078 
0.76 
0.74 



150 AERODYNAMIC RESULTS 
--------------------------------------~--------------

-r- -

\ 
\ 

Source - Author 

BLOWN 4-BLADED @ J = 0.40 
---r- - T-

a---
I 

í 

u_aclm 

Despi te some variation in the spanwise direction, for J = 0.30, the tlow in the z-direction 

for the blown configuration was shown to be much more uniform than the installed one, without 

the occurrence of a vis ible wake for most of the propeller's span. For J = 0.40, a wake is visible 

for the blown configuration, but the velocities in this region are still much higher than the 

installed case. 

The x-direction flow turbulence was also measured with the hot-wire. The charts in 

Figure 108 and Figure !09 display the percentage ofturbulence in the flow forthe installed and 

blown configurations, at the two tested advance ratios. Moreover, since the blowing presented 

some non-uniformity in the spanwise direction, the turbu lence leveis will be plotted for different 

blade radial stations. 

Figure I 08 - Turbulence leveis at the wake for the installed and blown 4-bladed propeller at J = 0.30 
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Figure I 09- Turbulence leveis at the wake for the installed and blown 4-bladed propeller at J = 0.40 
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For the plots m Figure 108 and Figure I 09, it is possible to verify a decrease in 

turbulence leveis for the blown configuration, in comparison to t he installed one. For the J = 

0.30 condition, at the r/R = 0.6 station, the application o f blowing reduces the turbulence from 

7.2% to 5.2%, whíle for 1 = 0.40, the leveis decrease from 8. 1% to 6.3%. For the other statíons 

(except the r/R = 0.4), similar results of reduced turbulence were obtained for the blowing-on 

configuration. Therefore, thís should translate in a slight reduction in the propeller broadband 

noise, since the inflow turbulence is smaller. However, it is worth mentioning that this noise 

reduction was not obtained, dueto the increased broadband noise caused by the blowing system 

itself, as wíll be shown in the next section. For the r/R = 0.4 station, the turbulence leveis at J = 

0.3 were higher for the blown configuration. This is most likely due to the high speeds at thi s 

region, caused by the blowing overshooting. For the higher advance ratio, there are still some 

points, where the turbulence ís hígher for the blown case, but the peak value is significantly 

lower. 



153 

5 AEROACOUSTIC RESULTS 



154 



AEROACOUSTIC RESULTS 155 

5 AEROACOUSTIC RESUL TS 

5. 1 BACKGRO UN D NOISE 

Before the aeroacoustic measurements o f the propel lers, it is necessary to assess the 

background noise o f the wind tunnel. Measurements for d ifferent flow velocities were carried 

out for the empty w ind tunnel, matching the conditions for the aerodynamic tests, in arder to 

get the PSD spectra from Welch's method, shown in Figure l i O. Given the expected frequency 

range forthe propellers BPF and harmonics, the spectra were limited in 3 kHz. 

Figure 110- Wind tunnel background noise spectra from Welch's method 
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The background noise leveis tend to display an almost linear decrease with increasing 

frequency, with exception for very low frequencies, below I 00 Hz, where there are some tones 

likely related to the wind tunnel fan . As expected, higher noise leveis are obtained with 

increasing the wind tunnel speed, and consequently, the Mach number. Despite being mostly 

ofbroadband nature, a region resembling a tone appeared for the lowest velocity, ata frequency 

of approximately 2.5 kHz. A further investigation was conducted through a beamforming 

analysis of the background noise, which yielded the integrated PSD spectra shown in Figure 

I 11. 

Measurements were conducted for a larger number of velocities. The tone at 2.5 kHz 

actually has a harmonic nature, given the presence of peaks at 5 kHz, 7.5 kHz and I O kHz. 

However, for speeds higher than 12 m/s, the odd harmonics tend to disappear and on ly the even 

ones at 5 and I O kHz remain. Since the frequencies where these tones occur do not change with 

speed and, given the region where they occur, it was believed that this noise is either generated 
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by the frequency inverter, which contra is the rotation ofthe wind tunnel fan, or electric noise. 

For even higher velocities, these peaks become smaller and tend to be buried in the broadband 

noise. 

Figure li I - Wind tunnel background noise spectra from beamforming 
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The first two mapping contours shown in Figure 11 2 display the results for the first tone 

(2.5 kHz), for Uoo = I O m/s and Uoo = 12 m/s and the second row corresponds to the second 

harmonic (5 kHz) for Uoo = lO m/s and Uoo = I 6 m/s. The contours do not dísplay any consistent 

source for these frequencies of interest, which indicates that those tones are related to side-lobes 

from outside sources. It is worth mentioning that, despite the presence of these tones, their 

sound pressure leve is are relatively low and they should not affect the propeller noise spectra. 

Figure ll2 - Beamforming maps for background noise 
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Aside from the wind tunnel, another unwanted noise source is the electric motor used 

for spinning the propeller. Measurements were conducted for the motor running at the nominal 

rotational speed for the prop-on cases (5000 RPM). Through the beamforming spectra shown 

in Figure I 13, the frequencies ofthe motor tones can be verified. The highest peaks were found 

at 1200 Hz, 1475 Hz, 2400 Hz, and 2850 Hz, which are likely of harmonic nature. The 

beamforming contours for these frequencies (except the 1200 Hz, which is not very clear) 

confirm that the tones are in fact generated by the motor. 

Figure 11 3- E\ectric motor tones in the beamforming spectra and beamforming maps 
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5.2 ISOLA TED CONFIGURA TION 

The initial propeller aeroacoustic measurements were conducted at the isolated 

configuration. The propeller was placed in a tractor position, in arder to avo id any influence 

with other components and only the self-noise generation mechanisms would occur. The data 

was obtained as noise spectra and source localization through beamforming. These resu lts will 

be used for comparison with the other configurations in the following sections. 

5.2.1 lsolated Propeller Spectra 

In this section, the spectra for the 3- and 4-bladed propellers will be analyzed to assess 

the main characteristics ofthe emitted noise, focusing on the blade passage frequency tones and 

the broadband components, as shown in Figure 114. For both cases, the motor is running at 
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maximurn rotational speed, of approximately 5000 RPM, which means the BPF for each 

propeller should be the same as shown in Table 8. The propellers were run at the same free­

stream speed of 16 m/s. The wind tunnel background noise is also plotted as reference. 

Figure 114- Noise spectra for isolated 3- and 4-bladed propellers for U,., = 16 m/s 
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By comparing the spectra from Figure 11 4, it is poss ible to spot clearly the BPF peaks 

for each propeller, at the expected frequencies. The higher harmonics, with smaller power 

spectral density, are not so easily visible. A lso, for low to medium frequency values (up to 2 

kHz), the wind tunnel background noise is fairly high, so possible peaks and the broadband 

component for this range cannot be analyzed. After 2 kHz, the broadband noise becomes 

vi sible, and is likely higher for the 4-bladed, as better shown in the beamfonning spectra in 

Figure 11 5. Some of the peaks presenting the same values for both configurations should be 

related to the electric motor, given the frequencies they occur. Some high levei peaks are found 

for lower frequencies. One of them is related to the passage frequency of a single blade, and 

thus will be the same for both propellers ( - 85 Hz). The other one is probably related to 

interactions between the propeller and the rig, since it occurs at a fixed frequency fo r every case 

(-118Hz). Given the absence ofBPF subhannonics at the 4-bladed propeller spectra, it is like ly 

that the blades have the same angles and there are no variations in the diameter for different 

directions. 

The source localization through beamforming, shown in Figure I 16, display the sources 

far away from the propeller blades. Therefore, either the beamfonn ing is picking up the sound 

refl ections on the wind tunnel walls, or it is positioning the sources at the Mach radius, which 
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was discussed in Section 3.5.2. Based on Equation 15, with the current operatio nal conditions 

and also considering the observer at the center o f the array (8 = 90°), the Mach radius for the 

prope llers will be positioned at 0.55 m from their axes (represented by the dashed !ines in both 

fi gures). Given the proximity between the sources positions to the dashed tines, and the 

similarity between the results obtained from Horvath, Envia and Podboy (20 13), it is like ly that 

the beamforming is, in fact, positioning the sources at the apparent location, re lated to the Mach 

radius. 

Figure 115 - Beamforming noise spectra for 3- and 4-bladed propellers for U.., = 16 m/s 
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Figure 116- Beamforming maps at the BPF o f 3- and 4-bladed isolated propellers 
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5.2.2 Advance Ratio Analysis 

The effect of the advance ratio on the propellers aeroacoustic behavior was evaluated 

through two different approaches. For the first one, the rotation for the 4-bladed propeller was 

kept at the maximum levei of 5000 RPM, and the free stream speed was changed, in order to 

obtain different values of J. The second approach was the opposite, so that the flow speed was 

kept constant and the propeller rotation was controlled to provide the desired advance ratio 

values. The results for the first approach are shown in Figure 11 7 and Table 9, w ith the 

difference in noise leveis, relative to the J = 0.30 condition. 

Figure 1 I 7- Spectra for 4-bladed isolated propeller at different flow speeds 
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Table 9 - PSD for the 4-bladed isolated propeller BPF at different J 

J 1-1 BPF (Hz j PSDorv (dBI 

0.30 331.3 65.25 

0.35 331.3 65.37 

0.40 337.5 67.84 

0.45 343.8 72.75 

Somce - A uthor 

2500 3000 

APSDoPr [dBI 

-

0.1 2 

2.6 

7.5 

Once again, only the BPF peak was easily distinguishable, while the higher harmonics 

do not display high power spectral density values. For the range of tested advance ratios, the 

PSD leveis for the BPF tend to remain unaltered, except for the J = 0.45 condition (with a 7.5 
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dB increase), where the peak is slightly displaced to the left, indicating that the propeller 

rotational velocity was increased, likely induced by the free stream speed. For increasing 

velocity and consequently, increasing J, the thrust generated by the propeller would have to be 

smaller and so should the loading noise component. Given the obtained behavior, these noise 

leveis are then likely related to a different generation mechanism other than the blades loading. 

For the second approach, the results are shown in Figure 118. These spectra are related 

to the lowest and highest obtained advance ratios, o f 0.32 and 0.45, for a free stream speed o f 

I O m/s. There is a visible difference between the power spectral densities for each case, 

especially for the tone at the blade passage frequency. Since the free stream speed was the same, 

the case with Iower advance ratio had a higher rotational speed and, consequently, higher thrust. 

These are the expected results, considering the loading component as the main contributor to 

the overall noise. 

Figure 118- Spectra for 4-bladed isolated propeller for different rotational speeds 
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Aiming to investigare further the relation berween the flow speed and the rotational 

speed to the noise leveis, severa! other measurements were carried out, in which these 

parameters were changed. The chart in Figure I 19 contains the sound pressure leve i for the 

blade passage frequency at four different flow speeds, in which the propeller rotation was used 

to control the advance ratio. For the Uro = 8 m/s and U.x. = 12 m/s curves, a point of each one 

had to be removed, since excessive vibrations at those conditions lowered the quality of the 

aeroacoustic results. 
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Figure 119- PSD variation with propeller RPM, for constant flow speeds (at the BPF of each condition) 
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Considering the same tunnel speed, the propeller noise leveis tend to decrease with 

increasing advance ratio. By increasing the free stream speed, the curves from Figure 11 9 tend 

to displace to the right. This means that for the same advance ratio, the condition with higher 

speed will also require a higher rotational velocity. With higher RPM, the propeller loading will 

also be higher and, consequently, the loading noise component at the blade passage frequency. 

However, ifthe velocity is increased, but the rotation is kept constant, there is not a considerable 

variation in the noise leveis, as was shown in the first approach. 

For lower advance ratios, at also low flow speeds, where the loading noise tend to be 

high in comparison to the background noise, it could be possible to see the BPF higher 

harmonics. The spectra shown in Figure 120 were obtained for a wind tunnel speed o f 8 m/s, at 

the lowest advance ratio condition ( 4815 RPM). Each of the dashed red I ines represem a 

harmonic ofthe blade passage frequency. The background noise at that speed was also plotted 

for reference. 

From the spectra shown in Figure 120, the BPF and harmonics tones are clearly visible, 

up to the 4 th one. After extracting the PSD values for each of those peaks, as shown in Table 

1 O, it is possible to verify that the loudest tone occurs at the fundamental blade passage 

frequency of approximately 32 1 Hz, with 60 dB. Fo llowing, there is the third harmonic (962 

Hz) with 48.6 dB, and fina lly the second (643 Hz) and fourth ( 1288 Hz) ones w ith 45 and 44.6 

dB, respectively. The higher arder harmonics were not distinguishable, since at those 

frequencies, the propeller broadband noise tends to be higher and then the tones end up buried. 

The beamformíng maps for these fo ur frequencies are shown in Figure 12 1. 
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Figure 120 - PSD leveis for the BPF and higher harmonics at J = 0.27 
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Table I O- PSD for the 4-bladed propeller BPF and harmonics at J = 0.27 

IBPF (321 Hz) 2BPF (643 Hz) 3BPF (962 Hz) 4BPF (1288 Hz) 

PSD (dBJ 60.03 45 48.6 1 44.63 

Source - Author 

F igure 12 1 - Beamforming maps ofthe 4-bladed iso lated propeller for four BPF harmonics 
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The beamfo rming once again places the noise source close to the w ind tunnel walls, 

near the Mach radius position, for the blade passage frequency. For the second and third 

harmonics, the source is now placed in the lower side and moving towards the blades with 

increasing frequency. The proximity ofthe sources locations with the Mach radius line indicates 

that the beamforming is in fact placing the noise sources at an apparent location, due to high 

radiation efficiency. The beamforming for the fourth harmonic, given its proximity to one of 

the electric motor tones and the lower block length of this analysis, cannot properly separate 

both sources, thus it will be positioned closer to the motor. 

5.2.3 Angle of Attack Analysis 

An aeroacoustic analysis was carried out for the isolated 4-bladed propdler at different 

angles of attack, similarly as performed by Woodward (1987a). The convention for positive a 

was defined in Section 3.3, and it was selected based on the expected aeroacoustic results, as a 

consequence o f the aerodynamic effects o f angle o f attack relative to the propeller axis, which 

is shown in Figure 122. For a positive angle of attack, the blades closer to the microphone array 

wi li experience a free stream speed UYJ, which can be decomposed in to n ', in the direction o f 

the propeller rotation and Ue, as an effective free stream speed. This decomposition will result 

in an increase in effective RPM and a decrease in the perpendicular velocity vector magnitude, 

producing a local higher etfective angle of attack (ae) and, consequently, increased loading. 
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Figure 122 - Effect ofthe angle of attack on the propeller aerodynamic characteristics 
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The opposite occurs for the blades furthest from the an·ay, which experience a reduction 

in a and blade loading. Consequently, this unsteady loading during a single revolution will 

become a noise generation mechanism. For negative angles of attack, the blade closest to the 

array will experience the reduction in a and blade loading. Therefore, the aeroacoustic 

measurements should indicate increased loading noise, at the BPF tones, for positive angles of 

attacks. Two spectra were obtained for the highest and lowest angles o f attack (a = ± 15°) and 

are shown in Figure 123, for a condition of J = 0.30, with the propeller at maximum rotation 

speed ( ~5000 RPM). 

Figure 123 - 4-bladed isolated propeller spectra for a == ± 15° at J = 0.30 
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As seen from the spectra in Figure 123, the propeller at the positive angle of attack 

displayed higher noise leveis than the one with negative angle of attack. This occurs because 

the blade with increased loading and higher noise is positioned closer to the array for the 

positive a. The chart in Figure 124 includes the PSD leveis for the BPF at different anoJes of 
e> 

attack for two different advance ratios. 

Figure 124- PSD leveis ofthe 4-bladed isolated propeller at the BPF, for different angles of attack and 

advance ratios 
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The noise leveis at the blade passage frequency tend to increase for positive angles of 

attack, for both advance ratios tested. At J = 0.40, the noise leveis are higher for ali the angles, 

in comparison to J = 0.30. The maximum difference between the highest and lowest leve is is 

3.9 dB for J = 0.30, and 5.5 dB for J = 0.40. There was apparently a problem at +5°, where the 

points do not follow the trend, most likely dueto vibrations in the structure, since it occurred 

for both velocit ies. These results are in accordance w ith the trends obtained by Woodward 

( 1987a), in terms of noise levei variations with propeller angle of attack. 

5.2.4 Directivity Analysis 

The directivity analysis for the isolated propeller was conducted at tive different angular 

positions in respect to the center of the microphone array. Since the array is fixed on the wind 

tunnel wall, it was necessary to move the model forwards and backwards, in order to measure 

at specific directivity angles. The convention for the 8 angle was defined in Section 3.3. Based 

on severa! works in the literature, the maximum noise leveis tend to be located at the propeller 

plane (e = 90°) and decrease towards the axis. The spectra in Figure 125 display the noise leveis 

for three diffe rent directivity angles at a condition of J = 0.30, with the propeller at maximum 
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rotation speed (~5000 RPM). The directivity curves for the 4-bladed and 3-bladed propellers 

are shown in Figure 126. 

Figure 125 - 4-Bladed isolated propeller spectra for 8 = 70°/90°/1 10° at J = 0.30 
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Figure 126- Directivity curves for the BPF o f the 4- and 3-bladed isolated propellers at J = 0.30 and J 

= 0.40 
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The power spectral density at the BPF was highest for the e = 90° case, which 

corresponds to the propeller plane aligned with the center of the array. The d ifference between 

leveis of this condition to the ones from the other d irecti vity angles is rather small, but they are 

still higher than the variability fo r the isolated configuration (Appendix C l ). The results fo r the 
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3-bladed propeller, at higher advance ratios, display a maximum at the propeller plane, g iving 

results more similar to the ones obtained by Woodward ( 1987a), for example. 

5.3 INSTALLED CONFIGURATION 

The aeroacoustic tests for the install ed configuration focused on evaluating the increase 

in the noise leveis dueto the interaction between the pylon wake and the propeller. Similar to 

the iso lated case, severa! parameters wi ll be investigated, such as the advance ratio, the angle 

of attack and the directivity. Beamforming analyses were also performed fo r sources 

localization. 

5.3. I lnstalled Propeller Spectra 

In this section, the spectra for the 3- and 4-bladed propellers will be analyzed to assess 

the aeroacoustic effects ofthe presence o f an upstream pylon, which is characteristic o f a pusher 

configuration. By comparing the power spectral density between the installed and isolated 

cases, it is possible to quantify the effect of the unsteady blade loading on the propeller noise 

emissions. The spectra for the installed 3- and 4- bladed propellers are shown in Figure 127. 

Figure 127- No i se spectra for installed 3- and 4-bladed propellers at J = 0.45 
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From Figure 127, it is possible to see an increased tonal content for the installed 

propellers spectra. For thi s configuration, not only the BPF, but also the higher harmonics tones 
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are clearly visible in the spectra. These tones are marked with the vettical dashed tines (blue 

for the 3~bladed propeller, and orange for the 4-bladed one), up to the 51h harmonic. There are 

other peaks with considerable power spectral density, such as the single blade passage 

frequency and the electric motor tones. The charts in Figure 128 contain both the installed and 

isolated spectra for the 3- and 4-bladed propellers, respectively. Table ll displays the difference 

between the installed and isolated PSD leveis for the tones up to the 5 th harmonic for the 3- and 

4-bladed propellers, respectively. 

Figure 128 - Comparison between the noise leveis of the isolated and installed 3- and 4~bladed 

propellers. respectively, for J = 0.45 
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Table 11 - ~PSD for the 3-bladed installed and isolated propeller at J = 0.45 

lBPF 2BPF 3BPF 4BPF 5BPF 

APSD3B (dB) 2.1 8.6 3.8 13.8 12.5 

APSD~B [dB) -0.59 11.2 9.7 14.9 19.7 

Source- Author 

By comparing the isolated and installed configurations for both propellers, it is possible 

to see that the latter displays much higher noise leveis for most of the propeller tones. For the 

fundamental blade passage frequency, there is a small variation in noise (2.1 dB for the 3 -bladed 

and -0.59 dB for the 4-bladed), which could be considered inside the variability of the 

measurements, based on the results in Appendix C2. All other harmonics display a large 

increase in PSD leveis. For the 41h and 5111 harmonics o f the 4-b\aded propeller, the instal\ation 

results in extra 15 to 20 dB, evidencing that in tàct the higher harmonics are the ones most 

affected by the presence ofthe upstream pylon. The broadband component did not display any 

change, especially due to the high background noise leveis up to 2 kHz. 

For the beamforming maps shown in Figure 129 and Figure 130, the lower BPF 

harmonics still tend to position the noise sources far from the blades, similarly as the isolated 

configuration. This indicates a combination of both steady and unsteady loading on the blades. 

While the former tends to position the source at the Mach radius, the latter shou1d position the 

source on the blades, since the unsteady loading is nota rotating noise generation mechanism, 

as opposed to the steady loading noise. For the higher harmonics, this is likely is case, since the 

tones were practically generated by the effect of the pylon wake and the sources are placed 

much closer to the blades. 

Figure 129- Beamforming maps ofthe 3-bladed installed propeller for five BPF harmonics 
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Figure 130 - Beamforming maps o f the 4-bladed insta lled propeller for tive BPF harmonics 
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An analysis of the advance ratio on the propeller noise leveis was also carried out for 

the installed configuration. The same two approaches applied for the isolated case were used. 

The aeroacoustic results for the first approach displayed in Figure 131 and Table 12, shown the 

same trend of increased noise leveis fo r higher free stream speeds. For increasing advance ratio, 

the BPF peak displaces to the left, similarly to the isolated case, indicating that the free stream 

is inducing a rotational speed in the propeller. The rel ative increase in noise leveis, compared 

to the isolated configuration, tends to be higher for the lowest advance ratio (J = 0.30). For the 

higher advance ratios, there is a slight noise decrease for the installed case, indicating that the 

unsteady loading does not play any role at this frequency or there could be some cancellation 

between the noise emissions from the steady and unsteady components. 



174 AEROACOUSTIC RESUL TS --------------------------------------------------------

Figure 13 1 - Spectra for 4-bladed installed propeller at different tlow speeds 
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Table 12 - PSD for the 4-bladed installed propeller BPF at different tlow speeds 

J [-) BPF [Hz) PSOnPF [dBI APSOrNST-ISOL [dBI 

0.30 33 1.3 67.68 2.43 

0.35 33 1.3 66.07 0.7 

0.40 337.5 66.30 -1.54 

0.45 343.8 72.10 -0.65 

Source - Author 

3000 

For the second approach, the results for each advance ratio will be compared with their 

respective isolated case data. The spectra were obtained for J = 0.32 and J = 0.45, for a free stream speed 

of I O m/s, andare shown in Figure 132 and Figure 133, respectively. For the installed configuration at 

J = 0.32, the largest increases in noise were found for the 2"d, 4~' and 5th BPF harmonic. The I st harmonic 

remained unchanged, while the 3'd experienced a noise reduction. Given rhe high rotational speed for 

this condition, it is likely the radiation efficiency for the steady loading noise component is dominant 

for the BPF, while the unsteady Ioading is responsible for the no i se leveis at the other harmonics. At the 

3'd, there could be a destructive interaction, resulting in cancellation of the sound fields. For J = 0.45, 

the background noise is fairly high, compromising the comparison ofthe 2'><1 and Jrd harmonics. The tst, 

4th and sm harmonics, on the other hand display large noise increases due to the unsteady loading, as 

shown in Table 13. 
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Figure 132- Isolated and installed 4-bladed propeller spectra for J = 0.32 
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Figure 133- Isolated and installed 4-bladed propeller spectra for J = 0.45 
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Table 13 - PSD increase for the 4-bladed installed propeller BPF at different rotational speeds 

IBPF 2BPF 3BPF 4BPF 5BPF 

APSD (J = 0.32) [ dB) 0.1 10.2 -5.6 7.1 12.2 

APSD (J = 0.45) )dB) 4.4 1.8 3.0 5.3 8.9 

Source- Author 
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5.3.3 Angle of Attack Analysis 

The angle of attack analysis was carried out similar as for the isolated configuration. 

However, when the propeller was set in the pusher configuration, the rotation direction had to 

be reversed. Therefore, the convention for the positive angle of attack also had to be reversed, 

based on what was detined in Figure 80. The same phenomena that happened for the isolated 

case, ofvariations in the blade angle of attack, w ill a lso occur. The spectra shown in Figure 134 

contains the no i se leveis for the installed configuration at ± 15° of angle o f attack for a J = 0.30 

condition. 

Figure 134- 4-bladed install ed propeller speclra for cr = ± 15° at J = 0.30 
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Once again, the propelJer at the positive angle of attack displayed higher noise leveis 

than the one with negative angle of attack. However, for the most negative angle of attack (-

150), which gave the smallest noise leveis at the BPF for the iso lated case, the pylon wiil also 

be at 15° of angle of attack. Since it was bui lt based on a symmetrical airfo il, its wake intensity 

should be the same for a given angle, whether it is positive or negative. This will results in 

increased noise leveis for the negative angles of attack. This behavior should also be more 

noticeable at the higher BPF harmonics, where the d ifference between the insta lled and isolated 

noise leveis is higher. This is shown in Figure 135, for a J = 0.30 condition. 
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Figure 135 - PSD leveis o f the 4-bladed installed propeller for differem angles o f attack at J = 0.30 
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As shown in Figure 135, for the blade passage frequency, there is not a significant 

difference in noise leveis for different angles of attack. This occurs because the steady loading 

noise component is dominant forthis frequency. Forthe higher harmonics, the unsteady loading 

will be the major noise source. This is especially visible for the 2nd and 4 th harmonics, where 

the noise leveis for the negative angles of attack are similar to the positive ones, indicating that 

the effect ofthe pylon wake overcomes the effect o f reduction in the effective propeller rotation, 

caused by the change in angle of attack. 

5.3.4 Directivity Analysis 

The directivity analysis for the installed propeller was conducted at the same five 

angular positions in respect to the center ofthe microphone array, as was done for the isolated 

case. The convention for the B angle was the same as defined in Section 3.3. The spectra in 

display the noise leveis for three different directivity angles ata condition of J = 0.30, with the 

propeller at maximum rotation speed (- 5000 RPM). The power spectral density at the first four 

harmonics of the BPF, for different e angles, are plotted for the 4- and 3-blade propellers in 

and, respectively. 
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Figure 136- 4-bladed installed propeller spectra for e= 70°/90°/11 oo at J = 0.30 
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Figure 137 - Directivity curves for the installed 4-bladed propeller at J = 0.30 
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Figure 138 - Directivity curves for the installed 3-bladed propeller at J = 0.50 
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For the JS1 harmonic of the BPF, the curve tends to remain fl at for practically ali 

directivity angles, which is in accordance with the results from the literature. As was described 

in Section 2.2.2, the largest installation noise penalties tend to occur towards the propeller axis. 

For the 2nd harmonic, there is a trend for increased noise in the upstream direction of the 

propel\er plane. For the Jfd one, there is possibly a minimum at the propeller plane, while the 

noise increases towards the axis. Finally, for the 4th harmonic, the noise tends to go the opposite 

way as the 2nd and increase in the downstream direction o f the propeller plane . 

5.3.5 Tripped Pylon Analysis 

Similar as was performed in the aerodynamics tests, aeroacoustic measurements were 

conducted for the pylon equipped w ith a zigzag transition trip. The spectra for the tripped and 

untripped pylon configurations are shown in Figure 139. 

Figure 139 - Noise spectra for tripped and untripped installed 4-bladed 
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The wake profiles shown in Section 4.2.2 demonstrated an increased velocity deficit for 

the tripped pylon contiguration. This effect should translate in increased noise leveis, since the 
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unsteady loading component for the tripped case is likely to be higher. However, no significant 

chanaes were verified in the acoustic measurements. These results indicate that the trip eftect o 

fall s inside the variability of the experiment (Appendix C2). For the BPF there was a slight 

noise decrease for the tripped configuration. This could be related to cancellation o f sound fields 

from the steady and unsteady loading, which also happened in previous works, such as Sinnige 

(20 13) for specific advance ratio conditions. 

5.4 BLOWN CONFIGURA TlON 

ln this section, the results for the aeroacoustic tests ofthe blown configuration will be 

described. (t is expected that the installation eftects will be reduced, with consequent decrease 

in noise leveis, especially at the BPF and harmonic tones. Given the assembly of the blowing 

system in the model and the components for the air supply system, it was not possible to conduct 

angle of attack or directivity analyses for the blown configuration. However, the noise spectra 

and source localization contours will be compared between the three model configurations, 

along with an advance ratio analysis. 

5.4.1 Blown Propeller Spectra 

The spectra for the 3- and 4-bladed propellers will be analyzed to assess the effect of 

the tangential blowing system on the aeroacoustic behavior of a pylon-pusher propeller 

configuration. By comparing the power spectral density between the blown, installed and 

isolated cases, it is possible to quantify the effect noise leveis reductions due to the blowing 

system. The best expected result is that the noise leveis return to those of the isolated 

configuration, and thus completely eliminating the installation effects. However, since it was 

not possible to control the blowing mass-flow, it is expected that the blowing will provide 

optimum results for a specific free stream speed, while for the other ones, the noise leveis from 

the blown configuration should lie in between the installed and isolated configurations. 

The spectra for the blown 3- and 4-bladed propellers shown in Figure 140 seems to 

display a lower tonal content then the installed configuration. The BPF tones still display high 

noise leveis for the blown configuration, which was expected, since the added noise, generated 

from the unsteady loading, was not substantial at this frequency. The higher harmonics, 

however, which were more affected by the effects of the pylon wake, seem to be reduced, 

suggesting that the blowing will have a more sign ificant effect for these frequencies . Another 

visible change fo r the blown spectra is the apparently high broadband noise over 2 kHz. This 
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added noise is related to the blowíng outflow in the small boles on the cylinder, as will be shown 

in the next section. 

Figure 140- Noise spectra for blown 3- and 4-bladed propellers for Uoo = 16 m/s 
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The charts in Figure 141 conta in the spectra for the three tested conftgurations (isolated, 

installed and blown), with the 3- and 4-bladed propellers, respectively. 

Figure I 41 - Comparison between the no i se leveis of the isolated, installed and blown 3-bladed propeller 
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For these spectra, special attention is given to the tones at the first 5 harmonics of the 

BPF. Table 14 contains the difference between the installed and blown PSD leveis, to assess 

quantitatively the effect ofthe pylon blowing. The difference in noise leveis between the blown 

and iso lated configurations is also plotted, in arder to verify the difference between the actual 

and ideal noise leveis with blowing. 

Table 14 - Difference in noise leveis between installed and blown; and blown and isolated 

configurations at J = 0.45 

IBPF 2BPF 3BPF 4BPF SBPF 

APSDlNST-BLWN [dB) O. I 2.6 6. 1 3.6 2.7 
3-Bladed 

APSDaLWN-ISOL [dBI 0.7 11.3 ?., 
_,.) 4.8 8.6 

APSOINST-BLWN ldBJ -3.8 8.5 9.0 15.4 9.7 
4-Biaded 

APSDsLwN-ISOL [dBI 3.2 2.7 0.7 -0.5 !O 

Source - Author 

The aeroacoustic measurements for the blown configuration indicate noise reductions 

for ali the verified tones, except for the BPF for the 4-bladed propeller. For the 3-bladed 

propeller, the most significant reduction occurred at the 3rd harrnonic, with approxirnately 6 dB. 

The other frequencies had much smaller noise reductions, around 3 dB. For the 4-bladed 

propeller, the noise increase at the BPF is likely due to the mitigation ofthe installation effects, 

which in turn reduces the cancellation between the noi se emissions from steady and unsteady 

loading, which was described in the prev ious section. This increased noise at the BPF was also 
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obtained by Sinnige (20 13) for certain advance ratio conditions. For the 2nd harmonic, 

reductions of 8.5 dB were obtained for the blown configuration. For the higher barmonics, the 

results were even more positive, with reductions of 9 dB and 15.4 dB at the 3rd and 4 rh 

harmonics, respectively, which were completely eliminated. Finally, at the 5th harmonic, the 

tone was not eliminated, due to increased broadband noise from the blowing system, which will 

be described in the next section. Nonetheless, reductions of almost I O dB were obtained. The 

beamforming maps ofboth propellers are shown in Figure 142 and Figure 143. 

Figure 142- Beamforming maps ofthe 3-bladed blown propeller for tive BPF harmonics at J = 0.45 
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Figure 143- Beamformíng maps ofthe 3-bladed blown propeller for five BPF harmonics at J = 0.45 
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For the 3-bladed propeller, the I st and 2nd BPF harmonics position the noise sources far 

from the blades, indicating the steady loading is dominant. For the higher harmonics, the 

sources are positioned in approximately the same places, as the installed configuration, but with 

a much smal ler intensity, indicating the effect of the blowing. For the 4-bladed propel ler, at t he 

BPF, the source tended to move towards the blades, indicating an increase in the unsteady 

loading noise, which is likely to be no longer cancelling with the steady component. For the 2nd 

harmonic, the source is still positioned far from the blades, but with a smaller intensity for the 

blown configuration. For the following higher harmonics, with the largest noise reduction and 

e limination of the tones, the beamforming placed the dominant noise source at the blowing slot, 

indicating that the broadband noise generated by the system is dominant over the tones. 

5.4.2 Blowing Noise Levels Analysis 

From the blown configuration spectra shown in the previous sections, it was possible to 

verify an increased component ofbroadband noise, especially at higher frequenc ies. Tn order to 

verify if this noise was coming from the blowing system, aeroacoustic measurements were 

conducted for a prop-off case and the blowing system operating. The spectral results comparing 

blowing on and blowing off configurations are shown in Figure 144, and the beamforming maps 

in Figure 145. 
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Figure 144 - Beamforming noise spectra with and without blowing in prop-off configuration for U, = 
16 m/s 
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Figure I 45 - Beamforming maps for blowing system in prop-off configuration 
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The beamforming spectra shown in Figure 144 show that there is a significant increase 

in broadband noise, when the blowing system is operating. This noise source occurs when the 

air leaves the small holes in the cylinder, which can also be confirmed with the source 

localization contours shown for two different frequencies in Figure 145. When the propeller 

own broadband noise is put into the chart, the difference for the blown configuration is much 

smaller, as shown in Figure 146. 
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Figure 146- Beamforming noi se spectra for 4-bladed propeller blown and installed conftgurations at J 

= 0.45 
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Moreover, since the source in the blowing system has a broadband characteristic, it 

should not be as problematic as the tones, in terms of annoyance. Therefore, despite this 

increase in broadband noise for higher frequencies, significant reduction in the tones was 

obtained with the blowing system, which still validates its use. This increase in broadband noise 

for higher frequencies also occurred for the tests conducted by Sinnige (2013) , and given the 

similarities with the results obtained in this work, it is likely to be an intrinsic characteristic of 

this type of blowing configuration and should be addressed, if an optimization of the system 

would be carried out. 

5.4.3 Advance Ratio Analysis 

The advance ratio analys is for the blown configuration w ill allow for verifications on 

the flow speed, wherein the blowing system provides the optimum results in terms noise 

reduction. The difference in power spectral density between the blown and installed 

configurations for different advance ratios is shown in Figure 14 7 and Figure 148, for the 4-

and 3-bladed propellers, respectively. For these curves, the rotational speed was kept at 

approximately 5000 RPM, and the advance ratio was comrolled through the free stream speed. 



188 AEROACOUSTIC RESUL TS 
--------------------------------------~~~~~------

Figure 147 - Difference in noise levels between installed and blown 4-bladed for different advance 

ratios 
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Figure 148 - Difference in noise leveis between installed and blown 3-bladed for different advance 

ratios 
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For the 4-bladed propeller, the results indicate small variations in the BPF with the 

application of blowing, with even increased noise for the higher advance ratios. Based on the 

results at the previous section, the noise generation for the BPF is dominated by the steady 

loading component, given the small difference between installed and iso lated noise leveis for 

this advance ratio condition. Therefore, it was not expected that the blowing would provide 

large noise reductions at this frequency. For the higher harmonics, however, significant 

reductions in the noise leveis were obtained. For the 2nd harmonic, reductions of I I dB occurred 

for J = 0.40, while for the 3rd and 4th harmonícs, it reached approximately 13 dB at 1 = 0.35 and 

15 dB at J = 0.45, respectively. 

For the 3-bladed propeller, noise reductions for the blowíng configuration were still 

obtained, but to a smaller extent, reaching close to 7 dB for the higher harmonics. These results 

indícate that the blowing system is working more efficiently for Jower free stream speeds and, 

despite the isolated configurations no i se leveis were not attained for ali ofthe tested conditions, 

significant reductions were obtained, especially at the higher harmonics, which are most 

affected by the installation effects. 

The second approach of advance ratio analysis was also conducted for the blown 

configuration. The noise leveis for different advance ratios (by changing the propeller rotational 

speed) are shown in Figure 149 and Figure 150, at free stream speeds of I O m/s and 14 m/s, 

respectively. 

Figure 149 - Difference in noise leveis between installed and blown 4-bladed for different rotational 

speeds at Uoo = I O m/s 
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fi crure ISO- Difference in noise leveis between installed and blown 3-bladed for different rotatíonal b 

speeds at Uco = 14 m/s 
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The resul ts indicate that for increasing advance ratio ( decreasing propeller rotational 

speed), the no i se leveis o f the blown configuration tend to increase, up to the point where they 

are even higher than the installed case, which happened for the measurements at I O m/s. At this 

free stream speed, only for J = 0.30, the blown configuration produced noise reductions. For J 

= 0.45, the noise increase reached 20 dB for the 2nd harmonic, and 15 dB for the yd one. For a 

higher free stream speed ( 14 m/s), the same trend was observed, but, for the highest tested 

advance ratio (1 = 0.55), the difference between installed and blovm noise leve is was still 

positive. Therefore, the blowing does not work properly and it is worse for lower rotational 

speeds. One possible explanation is that fo r the lowest propeller rotation, the region where the 

blowing is overshooting is resulting in unsteady load ings and thus, generating noise. This is 

likely, since for the higher free stream speeds, the noise reductions were higher fo r ali the 

hannonics, at ali advance ratios. 
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6 CONCLUDING REMARKS 

6.1 CONCLUSlONS 

The section contains the conclusions about the development of a blowing system for a 

propeller in pusher configuration, mounted with an upstream pylon. These conclusions are 

based on comparative analyses of aerodynamic and aeroacoustic measurements conducted in a 

wind tunnel. Also in this section, the objectives defined in Section 1.6 will be assessed, whether 

they were completely or partially fulfilled after the completion ofthis work. 

The literature review on the topic allowed for a significant amount of info rmation on 

propeller noise characteristics, installation effects, as well as the application o f pylon blowing. 

The experiments performed in the past guided this work in terms o f wind tunnel testing o f the 

aerodynamics and aeroacoustics of propellers, in arder to assure the best possible outcome. ln 

addition, the results obtained in this work have been shown to agree consistently with the 

literature, demonstrating the valid ity of the experiments, as well as the condusions drawn from 

them. 

For the isolated configuration, the aerodynamic measurements consisted in obtaining 

the propellers thrust curve with advance ratio. These results were then used to define the 

conditions for the following tests, in terms of propeller rotational speed and free stream speed. 

The aeroacoustic measurements were able to capture only the BPF in the spectra, whi le the 

higher harmonics were buried in the background noise. Therefore, ali the analyses for this 

configuration were conducted focusing on the BPF results. The beamforming maps showed 

results, which agree with the Mach radius concept, described in Section 3.5.2. 

The advance ratio analysis, performed with two approaches, displayed unexpected 

results for the advance ratio variation with the flow speed. However, when the propeller 

rotational speed was changed, the noise leveis showed to increase with also increasing propeller 

thrust . The angle of attack was defined as positive for the conditions where the propeller 

rotational speed was increased by the flow angle. The results showed that the propeller noise 

increases with also increasing angle of attack, which agrees well with the li terature. The 

directivity analysis for the 3-bladed propeller showed the highest noise leveis at the propeller 

plane. The difference in noise leveis, however, is small but sti ll higher than the variabi lity of 

the experiment, given the repeatability analysis from Appendix C. 

For the installed configuration, the surface pressure measurements on the pylon showed 

a region of increased suction near the trailing edge, caused by velocities induced by the 
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propeller. This effect is more pronounced for lower advance ratios, where the propeller is 

generating more thrust. This lower static pressure at the trailing edge tends to reduce the adverse 

pressure gradient, decreasing the boundary layer thickness and consequently the wake velocity 

deficit. This was confirmed through the flowfield mapping, conducted halfway between the 

py\on trailing edge and the propeller, using a hot-wire. The time history from thi s instrument 

also allowed the plotting of spectra inside and outside of the wake, which allowed for the 

verification ofthe BPF and higher harmonics. The BPF peak was also visible inside the wake, 

even with increased broadband component from the flow turbulence. 

The aeroacoustic measurements displayed a Jarge increase in tonal content for the 

installed configuration. Except for the BPF, where no significam changes were visible, the 

higher harmonics increased o ver 9 dB and some o f them showed even 20 dB of added no i se . 

These frequencies are strongly affected by the unsteady loading dueto the impingement ofthe 

pylon wake on the propeller. The beamforming maps for those frequencies place the noise 

sources near the blades, indicating that the dominant noise generation mechanism is non­

rotational, namely the unsteady loading. 

The advance ratio analysis displayed similar results as the isolated configuration, 

however, for lower rotational speeds (higher J), the noise penalty for the BPF tended to increase, 

while for the higher harmonics, it seemed to slightly decrease. The angle of attack analysis 

displayed the expected trend for the BPF, similar as the isolated results. For some of the higher 

harmonics, the noise leveis for negative angles of attack tend to be similar to the positive ones, 

most likely to the symmetrical behavior ofthe wake with this parameter. The directiv ity curves 

for the BPF displayed a flat behavior, consistent with the literah1re. The second harmonic tended 

to increase moving upstream ofthe propeller, while the third and fourth ones tended to increase 

downstream of the propeller. For the tripped pylon configuration, no significam changes with 

the baseline case were verified in the acoustic measurements. 

The development of the blowing system was based on a configuration previously used 

for filling the wake of a cylinder, wherein a smaller cylinder, w ith holes on the surface, was 

positioned at the trailing edge ofthe main one. For this work, however, it was defined that the 

blowing slot would be positioned at the pylon upper and lower surfaces at 0.7c, to ensure better 

flow mixing. Therefore, the final concept consisted in the air exiting the cylinder through 

severa! boles, and passing through internai channels and reaching the pylon surface with 

sufficient speed. The blowing region in the pylon was manufactured with 3D printing, given 

the complexity ofthe geometry and for time and cost sav ings. The blowing massflow could not 
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be controlled, and thus the results in terms of no i se reduction will not be optimum for ali tested 

flow conditions. 

The flowfield measurements for the blown configuration displayed a region of increased 

velocity (over the local free stream speed) near the propeller hub. This overshooting was caused 

by the inability ofthe flow to turn 90° in the holes, while exiting the cylinder. To improve this 

behavior, small tubes were placed inside the holes, which strongly improved the flow quality. 

There was still, nonetheless, some overshooting. Despite this sl ight non-uniformity, some of 

the stations disp!ayed uniform profiles and the integral velocity deficits for ali the measured 

positions were smaller for the blown configuration, indicating an effective operation of the 

blowing system. The appl ication of blowing also reduced the turbulence leveis at the wake, 

since the boundary layer thickness at separation was likely much smaller. Unfortunately, the 

hot-wire used for the measurements malfunctioned during the tests, so some of the 

measurements performed for the installed configuration could not be repeated for the blown 

case. 

The aeroacoustic measurements for the blown configuration display much smaller tonal 

content. While the BPF was not largely affected, since the installation effects were not large for 

this frequency, the higher harmonics displayed significant noise reductions. For some 

frequencies, the noise leveis of the isolated configuration were reached. The advance ratio 

analysis indicated that the best results with blowing were obtained for the 4-bladed propeller, 

around J = 0.40 to 0.45, which corresponds to a free stream speed of approximately 16 m/s. 

This blowing design was also responsible for increased broadband noise at higher frequencies, 

especially o ver 1.5 kHz. However, the large reductions in the noise leveis for most of the tones 

are encouraging and indicate that the blowing is in fact effective in reducing the installation 

effects and is likely a potential solution for practical application in fu ll-scale aircraft. More tests 

are still necessary though, in order to bring this technology to higher TRLs. 

6.2 RECOMMENDA TTONS FOR FUTURE WORKS 

In thi s section, some recommendations for future works on pylon blowing and pusher 

propellers wi ll be stated, based on severa! issues faced during the course of this work. These 

recommendations should be taken in to account, in arder to improve the quality of the analyses 

and, consequently, the obtained results. 

One very significant issue, which restrained the conditions for the analyses, was the 

maximum obtainable propeller rotational speed. Higher RPMs would be better, in arder to allow 
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larger free stream speeds to be tested, for a given advance ratio, which would also result in 

analyses for higher Mach numbers. Moreover, propellers wíth a higher number ofblades, which 

are closer to an actual open rotor configuratíon, should also be evaluated. Finally, if it were 

possible to test counterrotating propellers, the results would turn out to be much more 

ínteresting and realistic. 

The design of the blowing system could also be improved, in order to optimize the 

outflow in terms o f uniformity in the spanwise direction. A more effective so lution for turning 

the flow 90° while exiting the cylinder, with minimum pressure loss, should be investigated. If 

it were possible to make the outflow more uniform, certainly greater noise reductions would be 

achieved. The blowing mass-flow must also be controlled, so that the best results can be 

achieved for each tested condition. [t is also desirable to eliminate or reduce the broadband 

noise produced by the blowing system, either by design modifications or by using noise­

damping materiais. 

In terms of instrumentation, a rotational balance should be integrated to the model in 

arder to determine the torque and efficiency curves of the propeller, to make the analysis more 

complete. A larger number of pressure tappings is also recommended, to provide better 

understandings of the prope ller effect on the flow around the pylon. Pressure tappings in the 

blowing region should also be introduced. The use of hot-wire for the flow mapping was very 

effective, with very little disturbances to the flow. Measurements in more planes should also be 

carried out, in arder to verify the flow progression and assess the mixing between the jet and 

the externai flow. This is difficult, however, given the very límited space between the pylon 

and the propeller. 

In terms of aeroacoustic analyses, it is recommended that measurements be conducted 

fo r lower background noise leveis. For the higher speed tests, large background noise from the 

wind tunnel limited the analyses of this work, since it was highest for the frequency region o f 

interest. The measurements from the phased array counterbalanced a little this effect, but it is 

recommended eíther to reduce the background noíse or to use louder propellers to overcome 

this issue. Tests with a larger number of directivity angles are suggested, to obtain a larger 

number of results to confitm the trends. Angle of attack and directivity analyses for the blown 

configuration are also recommended. 
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APPENDIX A- COORDINATES FOR THE PYLON PRESSURE T APPINGS 

This section contains the coord inates for the pressure tappings on the upper surface of 

the NACA 00 I 2 pylon. The same coordinates were used for the tappings on the lower surface. 

Table 15 - Coordinates of pylon pressure tappings 

Tap# x[mm] x/c l-1 y [mm] y/c 1-1 

1 3 0.008 5.9 0.0 148 

2 5 0 .01 3 7.6 0.0189 

3 lO 0.025 10.5 0.0261 

4 15 0.038 12.5 0.03 14 

5 25 0.063 15.6 0.0390 

6 35 0.088 17.8 0.0446 

7 50 0. 125 20.2 0.0506 

8 75 0. 188 22.6 0.0566 

9 100 0.250 23.8 0.0594 

lO 125 0.313 24.0 0.0600 

li 150 0 .375 23.5 0.0589 

12 175 0.438 22.6 0.0564 

13 200 0.500 21.2 0.0529 

14 225 0.563 19.4 0.0486 

15 250 0.625 17.4 0.0435 

16 275 0.688 15. 1 0.0378 

17 290 0.725 13.7 0.0342 

18 305 0.763 12. 1 0.0303 

19 320 0.800 10.5 0.0262 

20 335 0.838 8.8 0.0220 

2 1 350 0.875 7.0 0.0175 

Source- Author 
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APPENDIX B- INSTRUMENTATION AND CALIBRATION 

This appendix contains information and pictures of the instrumentation used for the 

wind tunnel tests carried out throughout this work. Ali the data were taken from the information 

provided by the manufacturers. 

B I FREE STREAM MEASUREMENTS 

Some properties ofthe free stream are necessary for the post-processing of results. Some 

ofthem are static and total pressure ofthe flow in the working section ofthe wind tunnel. These 

parameters are measured with a Pitot-static probe, placed on one o f the working section walls, 

as shown in Figure 15 1 a. This probe is connected to a micromanometer (DP-CALC 8702), 

which measures those two pressure components, as shown in Figure 151 b. The digital output 

from the micromanometer is the difference between the two measured pressures, which is 

equivalent to the dynamic pressure. With the local air density, it is possible to calculate the free 

stream speed. The micromanometer is also equipped with an Ethernet port, which allows the 

data acquisition software to store this parameter. 

Figure 151 - a) Pitot-static probe in the wind tunnel b) Micromanometer for dynamic pressure 

calculation from total and static pressure measurements 

Static Pr~:!ssure / " Tot.-1 Prwssure 

Source- Author 

82 AERODYNAMJC FORCES MEASUREMENTS 

The aerodynamic forces are measured through a 3-component balance (Figure 81 ), 

based on strain gauges placed in full bridge, for each direction of measurement. The voltage 
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measured from each bridge is obtained through a HBM (Hottinger Baldwin Messtechnik) 

MGCPius module, which allows for gains and filtering regulations, as shown in Figure 152. 

Figure !52 -HBM MGCP!us used for the acquisition of aerodynamic forces 

Source- Author 

The values displayed in the HBM are in voltage units. Therefore, a calibration curve is 

necessary to convert the data into force units. The calibration is performed through pulleys, 

cab les and dead weights. The weights are progressively attached to the balance and the signal 

is measured for each condition and plotted against the total weight applied. At the end, there 

should be a line crossing the origin, and its angular coefficient is the multiplication factor for 

converting from Volts to Newtons, for example. 

83 SURF ACE PRESSURE MEASUREMENTS 

The pressure measurements were performed with the aid o f a Scanivalve TM pressure 

scanner, model ZOC33/64Px, as shown in Figure 153. This instrument has the capabil ity of 

measuring up to 64 points (inputs) simultaneously and converting them to high- level electronic 

signals. Each group of 8 pressure sensors has its own calibration valving and multiplexer. The 

model used throughout this work has a fu ll-scale range o f ±20 inH20 (0. 72 psi), with an accuracy 

of 0.15% of this value, or 0.003 inH20. The acquisition is performed with a sample rate of 5 

kHz. A DSMCPM (Control Pressure Model), which contains 3 solenoid valves, d istributes 65 

psi to the zoe pressure scanner calibration valves, placing them in operate, calibrate or purge 

modes (SCANIVALVE CORPORA TION). 



Figure 153 - Scanivalve™ pressure scanner, model ZOC33/64Px 

Source- Scanivalve Corporation 

ZOC33164Px 
Pressure Scanner 

84 FLOWFIELD MEASUREMENTS 
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For the wake measurements, a Dual Sensor X-Shaped probe was chosen, wherein the 

wires are placed parallel to the probe axis, which was necessary given the space constraints. 

This probe is shown in Figure 154. The DANTEC™ StreamLine analog anemometer system 

with CTA modules for the measurements is shown in Figure 155. 

Figure 154- Hot-wire dual sensor x-shaped probe 

Source - Dantec Dynamics 

@ Gold·plated wira probc: 55PS3 
Fiber·lilm probes: 
Thin quartz·coating: 55A53 
Heavy quartz-coat1ng: 55R63 

Figure !55 - CT A modules for hot-wire acq uisiton 

Source - Author 

X·array probe, 90', sensor 
plane parallel to probe axís 
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A 3-axes traverse was used to move the probe precisely in two directions for the flow 

mapping, as shown in Figure 156. 

Figure 156- Traverse for flow mapping with hot-wire 

Source - Author 

The calibration of the hot wire was performed with an automatic cali brator, also from 

Dantec, as shown in Figure 157. The calibration curve for th is probe is shown in Figure 158. 

Figure 157 - Calibration of the hot-wire probe 

Source - Author 
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Figure 158 - Hot-wire calibration curves 
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Source- Author 

85 AEROACOUSTJC MEASUREMENTS 

An array of 6 1 microphones G.R.A.S. 46 BD, which combine apressure transducer ( 40 

BD) and a pre-amplifier (26 CB), was available for the aeroacoustic measurements. The 

microphones are able to operate with a flat response from l O Hz to 25 kHz (with a 1 dB loss), 

or from 4 Hz to 70 kHz (2 dB loss) (G.R.A.S. SOUND & VIBRA TION). The type of 

microphones used is shown in Figure 159. 

Figure 159 - Microphone G.R.A.S. 46 BD 

Source- G.R.A.S. Sound & Vibration 
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APPENDIX C- V ARIABILITY OF THE AEROACOUSTIC MEASUREMENTS 

This appendix contains information on a variability analysis conducted for the 

aeroacoustic measurements. The analyses were performed for both isolated and insta lled 

configurations in order to verify how much the noise leveis for these cases change for non­

consecutive measurements. 

C I fSOLA TED CONFIGURA TrON 

T he spectra for two different non-consecuti ve aeroacoustic measurements is show in 

Figure 160, fo r the 4-bladed propeller at J = 0.30, and for the 3-bladed propeller at J = 0.50, 

both in the isolated configuration. 

Figure 160 - Repeatabil ity measurements for isolated 4-b laded propeller at J = 0.30, and 3-bladed 

propeller at J = 0.50 

Source- Author 
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For the isolated configuration, the BPF leveis will be compared, since this frequency is 

the focus of the analysis for this configuration. The tones that are more visibly different are 

related to the e lectric motor and are not the focus of this study. The leveis for the two 

measurements of each propeller are shown in Table I 6. For both propellers, the sound pressure 

leveis at BPF changed up to 0.38 dB. This indicates a high precision for the tone at this 

frequency. 

Table 16- PSD for the non-consecutive measurements for the BPF of the 4- and 3-bladed isolated 

propellers 

Meas. 1 [dB] Meas. 2(dB] APSD [dBJ 

BPF4B 65.29 65.65 0.36 

BPFJo 67.90 67.52 0.38 

Source- Author 

C2 INSTALLED CONFlGURATION 

For the installed configuration, the analysis will be carried out similarly as was 

performed for the isolated case. This time, however, the higher hannonics (up to the 51h) wi ll 

a lso be evaluated. The spectra for the installed 4-bladed propeller (at 1 = 0.30) and the installed 

3-bladed (at 1 = 0.50) are shown in Figure 161 . The difference between the noise leveis for the 

tones o f each measurement is shown in Table 17. 

Figure 161 - Repeatability measurements for installed 4-bladed propeller at J = 0.30, and 3-bladed 

propeller at J = 0.50 
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3-Biaded lnstalled @ J = 0.50 Meas. 1 

- 3-Biaded lnstalled @ J = 0.50 Meas. 2 

10L_ ______ _L ________ L_ ______ _L ________ L-------~------~ 

o 2 3 4 5 6 

BPF Harm onic H 

Source- Author 

Table 17 - ~PSD for the non-consecutive measurements for the BPF of the 4- and 3-bladed installed 

propellers 

APSDtBPF ldBI APSD2BPF ldBI APSDJPF [dBI APSD4BPF ldBI APSDsoPF ldBI 

4-Biaded 1.72 3.06 0.25 0.30 ' 0.68 

3-Biaded 2.25 1.45 0.62 2.45 0.83 

Source - Author 

The two measurements conducted for the installed 4- and 3-bladed propellers indicate 

that the maximum variability of the acoustic measurements for this condition is 3 dB, which 

was obtained for the 2nd harmonic of the 4-bladed propeller. The average difference, however, 

for other frequencies is about I dB, or even less. Therefore, even for higher frequenc ies, the 

variability of the results is sti ll small, which indicates a high reliability on the measured data 

for variations over 3 dB. 
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