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A METHOD FOR CALCULATING THE FARFIELD BLADE/VORTEX INTERACTION NOISE
Al. Dumitrache1, H. Dumitrescu1 
1 Statistical and Applied Mathematics Institute of the Romanian Academy, Bucharest, ROMANIA,  dalex@ima.ro
Abstract:  A simple and efficient implementation of the FW-H method is presented, suitable for calculating the far-field blade/vortex interactions noise from rotors has been presented. The method is based on the FW-H formulation and makes use of surface pressure histories on the blades in order to evaluate the acoustic integral. The method is able to predict the Doppler shift and has been successfully used for BVI cases. More realistic comparisons between predictions and acoustic measurements will require to take into account, absorption from atmosphere, ground reactions and atmospheric turbulence. The method includes both thickness and impulsive noise contributions and only requires knowledge of the pressure distribution on the blades which may obtained from numerical aerodynamic calculation or experiments. The method is designed to take into account the rotation of the sound sources on the rotor blades. The formulation of the method are given.
Keywords:  blade/vortex interaction noise, Ffowes-Williams-Hawkings formulation, farfield noise.
1. INTRODUCTION 

Blade/vortex interaction (BVI) is one of the most challenging problems encountered in modern rotorcraft since it affects both the aerodynamic performance of rotors, as well as, the acoustic signature of the aircraft. Despite its importance, the phenomenon is not fully understood and it is still the subject of numerous experimental and theoretical investigations [1, 2, 3]. The difficulty in successfully simulating BVI stems from the fact that Computational Fluid Dynamics solvers tends to dissipate small disturbances in the flow field. Upwind and dissipative schemes work fairly well in problems where acoustic disturbances are not of interest since in most of the cases the flow physics of the problem is not altered by the inherent numerical dissipation calculation or experiments. 
The present work attempts to denotes a method for modelling BVI provided accurate data of the surface pressure are available. From CFD solvers or experimental measurements may be accurate near the surface, results far away from the blades may be of less accuracy. Therefore, common CFD schemes are of little help with the preservation of acoustic waves in the flow. 
Using the pressure field near the blades source, a propagation operator is then applied to tackle the BVI problem.

The formulation of the method as well as its computer implementation along with demonstration results are presented.
2. FARFIELD AEROACOUSTICS METHODS
Two different approaches are common for determining the farfield noise: the Kirchhoff method [4] and the Ffowes-Williams-Hawkings (FW-H) [5].

The use of the Kirchhoff method requires that all the non-linearities of the flow are inside a control surface which is supposed to be representative of the flow phenomena occurring during the BVI. In this case, using Green's theorem, it is possible to calculate exactly the pressure distribution outside the surface.

The method also requires knowledge of the time history of the flow quantities.

Although the method is easy to adopt in potential-like flows, cases with strong vortices travelling in the flow domain or cases with higher Mach number require a larger surface since the nonlinearities prevail longer in all spatial directions [6]. This is a hard requirement to be met since CFD methods lose resolution of the flow field in coarse grids. 
At subsonic flow, the FW-H method has the advantage of only requiring the accurate prediction of the loads on a lifting surface and even though the surface has to be carefully chosen when simulating transonic BVI, little difference in the region of maximum BVI noise intensity was noticed by Singh and Baeder [10] when quadrupole noise is neglected. The FH-W method also decomposes the noise into different sources making the analysis of the obtained results easier.

The BVI is then classified as an impulsive loading noise. Due to the above reasons the FW-H method has gained popularity and it is possible to predict the thickness and loading noises from the FW-H equations provided the surface loads are known [8].

Regardless of choice, both FW-H and Kirchhoff methods rely on the accuracy of the nearfield acoustics which in this work is obtained from CFD calculations.

As known, acoustic waves dissipate fast on coarse grids, which is not acceptable for high-fidelity aeroacoustics simulation. So, despite the fact that CFD is capable of predicting surface loads, it does not help the preservation of the acoustical waves. This implies that only the near-field close to the aerofoil which is correctly captured by CFD can be used as input data. The same is true for experimental data since surface properties are easier to measure than field ones.

As in most acoustic codes based on the FW-H formulation [9], our approach considers the linear thickness and loading terms of the FW-H equation, neglecting the non-linear quadrupole term. Following Farassat's 1A formulation [10, 11] which is suitable for moving bodies such as helicopter blades and assuming the blades are rigid, the FW-H equation can be reformulated as follows:
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In the Farassat formulation 1A, it is possible to use the retarded time as a reference:
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Then the loading and thickness acoustic pressure 
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 and 
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are deduced from equations (1) and (2). Their respective expression is
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The acoustical pressure is expressed as the sum of the loading and thickness noise sources:
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The thickness term [12] which considers the disturbance of the fluid medium caused by the aerofoil is determined by the blade characteristics and the forward velocities. The loading terms which represents the noise caused by the airfoil exerting a force on the fluid [13] requires the calculation of the forces acting on the blade.

It is interesting to note that "the loading noise depends on the projection of the forces onto the direction from the blade to the observer" [10]. Term I is supposed to be the dominant term of the loading noise. Therefore, only term I of Equation 4 needs to be considered. Note that the distance aircraft-observer was also approximated so that the aircraft was seen as a source point.

According to [10], only subsonic motion of the blade is allowed, i.e., for low forward speed (20m/s). Discrepancies appear in the prediction at high forward speeds (67m/s and above) due to the large contribution of the quadrupolar noise [14] for higher tip Mach numbers, which is created by the velocity perturbation along the blade chord. Furthermore, the presence of shocks, i.e. strong discontinuity in pressure, are also a possible source of noise. Both quadrupole and shock noise are assumed to be at the origin of the noise discrepancy.

For acoustic prediction, the integration of the lift force (term I of Equation 1) over the chordwise direction is often realised assuming that the blade can be seen as a point source (r = c << 1). The force is then applied at the quarter chord and the BVI is said to be chordwise compact [15]. The compactness of the chordwise loading distribution is justified as long as the aspect ratio of the blade is high and the flow which is considered 2D locally make the frequency range of BVI low enough for the observer not to perceive any chordwise variations [14]. Indeed, the generation of an acoustic wave is associated with a particular phase [16]. Each section wave can be characterised by a phase which corresponds to a fixed section of the blade. The radiated noise therefore depends on the phase delay between all the acoustical pressures for a fixed chordwise section, which implies that the noise levels may be overpredicted.

The modification of the phase delay is also an important parameter of the BVI noise generation since BVI acoustic phasing influences the directionality of the radiated noise [17]. A comparison between the non-compact and the compact modeling has been undertaken by Sim and Schmitz [15]. They found that a lower peak value and a larger acoustic pulse width is obtained for the compact modeling.

However, the difference in terms of noise levels between the two methods appears especially near the plane of the rotor and decreases underneath it. Although noncompact chord assumptions does not overpredict the noise levels as the compact does, the directivity patterns or trends of the noise remains similar.

3 APPROXIMATE METHOD
As shown in Figure 1, a coordinate system (Oxyz) fixed in space is considered. Using this system an observer is placed at 
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. A spherical coordinate system is also considered and again, using the symbols of Figure (1), the observer is placed at
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Without loss of generality, a rotating source is also considered with the axis of rotation parallel to the Ox axis of the fixed co-ordinate system. The rotating

source is allowed to move and the velocity vector of the hub is 
[image: image12.wmf]h
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r

. Then any source point on the rotor disk can be located using the equation
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with the vector 
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 given by
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thus
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[image: image17.wmf]y

 being the azimuth of the source point on the rotor disk 
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 the frequency of rotation in rad/s.

The velocity of the sound source can be expressed as:

	
[image: image20.wmf](

)

dt

R

d

U

dt

X

d

t

U

h

s

s

r

r

r

r

+

=

=


	(10)


or
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At this point the assumption is made that the rotor disk is moving on the xOy plane so the 
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 velocity component is zero. Of interest is only the projection of  
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 on the direction of the observer, which will be called 
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. Taking the product of the above vector and the unit vector in the direction of the observer 
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with 
[image: image28.wmf]oh

U

 the projection of the hub velocity on the observer-source direction (Figure 1). 

The Mach number corresponding to 
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 is:
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where 
[image: image31.wmf]0
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 is the speed of sound.

The acoustic equation we need to integrate is:
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In the above 
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f

 is the force in the i - direction per unit area of the blade at a given position y and time t, 
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 is the distance between the sound source and the observer and 
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.  Special care needs to be taken while integrating the above equation since the distance r is also a function of the retarded time 
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The direction of 
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 is also known as the radiation direction and the vector is given by:
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Let's assume that sound is radiated during a period T or 
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 is the position of the observer, the approximation that the distance source-observer is about equal to the distance hub-observer can be introduced. This is valid if we are interested in the prediction of sound at the far-field. We would like, however, to somehow represent in the formulation the spatial distribution of sources on the rotor disk instead of approximating it with a source point. Expanding the expression for the distance r one obtains:
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and assuming 
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where the coefficient 2 is dropped and 
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The dot product between 
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 is as follows:
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so
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Now it is easy to re-write the retarded time equation 
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The derivative 
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To assist the computations a new scaled time variable is introduced
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Then the retarded time equation can be simplified as
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and
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Returning to the acoustic equation the following assumptions are further made:

(i) The only significant forces on the blade act in the lift direction (Ox). 
(ii) The blade chord is small and the chordwise distribution of forces can be replaced with a single contribution at the quarter-chord point and the time-variation along the chord is negligible for the time interval the information needs to reach the observer. 
(iii) The observer is far away of the rotor, by at least a few rotor diameters.

Introducing the following transformation to the first term of the acoustic equation:
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the expression for the acoustic pressure can be simplified to read:
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replacing t with the scaled retarded time a, using 
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And the implication is that the integrand is evaluated at all 
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 values for each value of 
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Figure 1: Schematic of the rotating source and co-ordinate systems.
6 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
A simple, approximate method for calculating the far-field BVI noise from rotors has been presented. The method is based on the FW-H formulation and makes use of surface pressure histories on the blades in order to evaluate the acoustic integral. The method is able to predict the well-known Doppler shift and has been successfully used for BVI cases. Future steps include further application of this method with pressure data originating from CFD as well as extension of the method to include transonic flow effects and chord-wise variation of the blade loads. More realistic comparisons between predictions and acoustic measurements will also require to take into account, absorption from atmosphere, ground reflections and atmospheric turbulence.
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