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BIE-based aeroacoustic design procedure

R.M.A. Marretta', C. Orlando!, M. Carley>
Summary

A propeller low noise design procedure based on boundary integral equation is
presented. The aerodynamic field is computed via a potential-based boundary ele-
ment method for lifting body while the aeroacoustic emitted field is calculated on
the basis of the Ffowcs Williams-Hawkings equation. Families of airfoils sections
are aerodynamically processed to select the ones that meet the requested perfor-
mance. Successively, the airfoil sections characterized by the lowest noise emis-
sion, among the previously selected ones, are chosen to built the propeller blade.
Eventually the whole propeller aecroacoustic performances are analyzed.

Introduction

The aeronautical propeller design problem is a multidisciplinary problem in-
volving aerodynamic, structural and acoustic analyses. Due to the increase of
modern turbo-prop engines efficiency, the use of propeller based engine has be-
came more attractive for a wide range of air transport systems, in particular for
the regional transport aircraft operating in the subsonic regime. Even though aero-
dynamic efficiency is the prime objective of an aeronautical propeller design and
structural quality is mandatory, acoustic optimization has also become an econom-
ical issue because of the airport taxes related to the acoustic quality of the aircraft.
The problem of noise generated by a propeller operating in mean flow, whether
isolated or installed [1], is quite well understood, but the integration of acoustic cri-
teria in propeller design remain an interesting research topic. Numerical analyses
have pointed out the main factors affecting aerodynamic propeller performances
[2-5] and several methods have been developed to study the aeroacoustic problem
[6-8]. In this paper a low noise propeller design procedure is presented. By using
a BEM code for aerodynamic calculations and a noise prediction method, a blade
geometry able to fulfill the required propeller operating conditions taking into ac-
count the noise emitted by the system is generated. A database of airfoils families
is used in conjunction with the BEM and the aeroacoustic computation method to
adaptively generate the blade geometry which has i) the required radial distribu-
tion of circulation, to ensure aerodynamic efficiency, ii) the requested chord radial
variation, to ensure structural safety, and iii) the lowest noise emission level.

Aerodynamic Field Computation
The first step of an aeroacoustic computation is the determination of the aero-
dynamic field around the emitting body in terms of pressure and velocity distribu-
tion. To analyze the aerodynamic field around a propeller blade a BEM code based
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on the boundary integral formulation for the potential flow around lifting body is
used. Under the assumptions of quasi-steady, inviscid, incompressible and attached
flow problem, the aerodynamic field for lifting body is represented by the following
boundary integral equation [9]
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where ¢ is the velocity potential, G is the fundamental solution of the Laplace
equation [10], ¢ is a coefficient defined as in [11], d/dn represents the derivative
along the body surface normal direction, d€; is the body boundary, 0Q,, is the
wake boundary and A¢ is the potential jump across the wake surface. The solution
¢ is assumed to be given by the linear combination of the particular solution ¢g
related to non-lifting problem with asymptotic velocity U.. and of the non-trivial
solution ¢4 associated with lifting body in absence of asymptotic stream. By so do-
ing the following integral equations, with the relative boundary conditions obtained
by considering the body as rigid and impermeable, stand
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Both the problem are solved numerically by using the boundary element method as
described in [9, 11]. Once the velocity potential distribution on the boundary, i.e.
along the airfoil surface, is known, the pressure distribution, in terms of pressure
coefficient C,o [REF], is calculated from the velocity field obtained by computing
the gradient of the potential ¢. As soon as the local Mach number M;,. becomes
equal to the critical one, the pressure coefficient Cyo obtained under the incom-
pressibility assumption, is modified as follow

Cp= | ——Cpo. @)

Aeroacoustic Field Computation
Once the aerodynamic field, in terms of pressure and normal velocity distri-
bution at the airfoil surface, is computed via the previously described boundary
integral equations it is used as input for the time-domain noise prediction method
developed in [12]. The solution of the acoustic wave equation is a convolution of
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the source terms with the proper Green’s function (more detail on the formulation
are given in [12, 13]) that can be evaluated by using the distribution theory [14]
to yield the solution for the loading, p}, and the thickness, p’., noise in terms of
integrals over the body surface. In particular, one has

= = i (et )~ mtony (5~ mis) | 402 ©)

M, D) dt

e (B ) — reorhisy - (8 - 9 ) |40
(6)

where ¢y is the sound velocity, pp the air density, v, is the velocity component nor-
mal to the boundary d€2, while Mg and M., are the source and the free stream Mach
numbers, respectively, and L is the pressure load force. The remaining quantities
in Eq.(5) and (6) are defined as follow
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being x and y the observer and source location, respectively. It is worth noting that
all quantities in square brackets in Eq.(5, 6) are calculated at the retarded time 7
defined as
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Once the blade mesh, the loading and velocity distribution along with the oper-
ating conditions are known, at each time step the retarded time 7 is computed using
the Newton-Rhapson method and all the relevant source properties are computed.
Then, the required quantities are calculated at each mesh point and the acoustic
integrals are evaluated over the body (airfoil or blade) surface.

Low-noise design approach
The approach used to obtain an aeroacoustic designed propeller consists of two

main steps: starting from a widespread database, called (main airfoil database),
containing all the available airfoil geometry , a restricted database is first built
by selecting and storing all those airfoils, and the related aerodynamic properties,
that match the chosen radial blade circulation distribution to ensure the requested
propeller performances. As second step, all these allowable airfoil sections are
aeroacoustically processed in order to identify the particular airfoil characterized
by the lowest noise emission level at a particular observation point. The propeller
design parameters are the in flow mach number, the rotation speed of the propeller,
the solidity, the altitude, the required traction, the propeller diameter, its number of
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blades and the number of sections per blade. It is worth underlining that the blade
chord radial distribution has been chosen to be an input for the proposed procedure
in such a way to obtain and check the resulting propeller meets the most convenient
and reliable blade geometry from industrial, manufacturing and economical points
of view. Once the design parameters are set, the prescribed circulation in terms
of lift coefficient distribution along the blade radial direction is calculated and the
last input for the proposed aeroacoustic propeller design procedure is represented
by the airfoil database containing all the available airfoil section geometry. The
design procedure works as follow: for each blade radial section, namely 7, the an-
gle of attack and sweep angle are initialized,then the composed velocity, the chord
value at the particular radial section and the first airfoil geometry are passed as
input to the aerodynamic BEM code based on the previously described boundary
integral formulation. The aerodynamic BEM analysis gives as results the local
mach number distribution My o¢c around the airfoil boundary and the lift coefficient
Cr;. The BEM outputs enter into two parallel conditions check loops. The first
one to check if compressibility corrections must be taken into account. The same
check loop is devoted to increase the sweep angle in order to avoid extreme com-
pressibility effect and to discard the current airfoil as ineffective if the maximum
sweep angle is reached. In this case, the procedure is restarted using the next air-
foil stored in the main airfoil database. The second check loop compares the lift
coefficient computed by the BEM code with the requested one. If the percentage
discrepancy is lower than 5%, the airfoil geometry, the aerodynamic properties and
the pressure distribution around the airfoil boundary are stored in the restricted
database and the procedure restarts analyzing the next airfoil section of the main
airfoil database. On the other hand, if the condition on C;, is not fulfilled, the pro-
cedure increases the pitch angle and recalls the aerodynamic BEM code until the
angle of attack reaches its maximum prescribed value. Even in this case the current
airfoil is skipped and the procedure restarts with the next airfoil section of the main
airfoil database.

Once all the available airfoil sections stored in the main database are processed,
the restricted database becomes the input for the aero-acoustic code based on the
previously described time-domain formulation. The sound pressure level SPL at
prescribed observation points are computed for all the aerodynamically allowable
airfoil sections and the one characterized by the lowest noise emission level is cho-
sen as the aero-acoustic optimal profile for the blade section r and the procedure
restarts for the next blade section r + Ar.

Results
The design parameters have been set using data furnished by ATR for the turbo-
prop ATR72/500 aircraft. Three distinct flight conditions (climb at O ft, cruise at
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17000 ft and cruise at 25000 ft and respectively referred to as CLIM B0, FL170 and
F1250) are used to design the propeller blade. It has been assumed that the pro-
peller has six blades, its disc and hub diameter are 3.86 m and 0.25 m, respectively
and the solidity value is 0.038. The propeller pitch and pitch angle at the 75% of
the blade radius for the propellers optimized in the three flight conditions are listed
in Tab.1. The aeroacoustic optimized propeller traction are also shown in Tab.1 in
comparison with the ATR requested values. The 6-bladed propellers, designed at
the three distinct flight conditions, have also been tested in off-design flight configu-
rations, revealing all the three propellers fulfill the requested off-design conditions.

Table 1: Computed and requested data

CLIMBO FL170 FL250

Pitch Angle 29.53° 46.3°  45.74°
Prop. Pitch 5.95 9.2 10.49
Trac. ATR 17820 10630 7480

Trac. Computed 18391 10697 7496

Once the propeller geometries are generated by using the low-noise design
approach, the aeroacoustic characteristics of the three designed propellers are com-
pared by computing the whole propeller radiated noise on two sidelines in acoustic
near- and far-fields. The near-field noise is computed on a line parallel to the axis of
rotation, 1.5 radii from the center of rotation while the far-field noise is computed
15 radii from the propeller axis. Acoustic results are presented in terms of near- and
far-field SPL power spectrum in cruise at 25000 ft in Fig.(1) and (2), respectively.
It appears that the propeller F1250, optimized at flight level 250, always shows the
lowest sound pressure level and that the discrepancy in noise emission among the
three propellers increase at high frequencies. The same stands for the propellers in
cruise at 17000 ft and in climb at O ft.

Conclusions
A potential based boundary integral equation method for the aerodynamic and

acoustic design of propellers has been presented. Three flight conditions have been
chosen to design the propeller blade. Results have shown the propeller designed in
cruise at 25000 ft revealed to present the lowest noise emission level in all the flight
conditions, both in on- and off- design conditions.
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Figure 1: Near-field (left) and Far-field (right) SPL power spectrum at flight level
250. Solid line - F 1250, open circles - FL170 and boxes - CLIM B0

Figure 2: Aeroacoustic designed propeller
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