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Abstract

The problem of the HSI noise prediction from rotating blades is treated through a volume integration,
following the so called acoustic analogy approach. Two different solution forms are adopted, moving
the integration domain from the computational grid to its own acoustic image, to bypass the numerical
singularities in the integral kernels. The problem of multiple emission times and the subsequent decom-
position of the acoustic volume into three separate supersonic regions is addressed, trying to point at
some possible numerical solution. Then a brief discussion about the methodology is proposed, trying to
point out the advantages and the perspectives of this particular numerical approach.

1. Introduction

Although a great deal of theoretical and computational work has been carried out over the last few
vears, a reliable evaluation of noise from helicopter rotors with blade tip speed in the high transenic
range is still to be achieved. Both theoretical and numerical tools cannotz be considered at an ultimate
stage, and the task of providing effective prediction codes for calculating the sound field of helicopters has
not vet accomplished. Recently, the Ffowes Williams-Hawkings equation has been successfully applied
for the prediction of HSI noise {1, 2]: through the knowledge of the fluid velocity field around the body
and a full three dimensional integration, the computation of the quadrupole noise signature has been
achieved for hovering rotor blades at different tip Mach numbers. This method seems to be a valid
alternative to the direct use of CFD codes {3. 4, 5] and to the so-called Kirchhoff’s approach [6, 7, 8, 9],
which, at present, are widely used for the aeroacoustic analysis of high speed rotating blades. Anyhow,
a lot of numerical problems are related to the volume integration. If the computational grid includes
scme source points around the sonic circle, the presence of a numerical singularity in the integral kerneis
(related to the Doppler factor {1 — M.|) may cause a compietely unreliable prediction of the acoustic
signature. Then, an alternative formulation may be adopted [10], performing the integration on the
acoustic imnage of the computational grid; in this manner, the information concerning the retarted time
and the Doppler factor are included inside the integration domain, where each source point is considered
arL its own emission time, avoiding the integrals divergence. However, when a high rotational speed is
involved, the shock delocalization phenomenra (taking place in the flow field at tip Mach numbers over
0.88), force 10 account for a grid region off the sonic circle. where the presence of multiple emission times
for the supersonic source points causes the decomposition of the acoustic volume into three different
patches. The computation of the integrals upon these particuiar regions is a very difficult problem to be
numerically solved. due to the subsequent changes of shape and size of the integration domains. Aim of
this paper is to address {and partially solve) these particular problems. whose nurmerical solution should
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supply a reliable prediction of the quadrupcle noise signature and, at the same time, an interesting
description of the acoustic phenomena taking place in the flow fleld.

2. Theoretical and numerical aspects

The theoretical basis of our formulation is the well known Ffowes Willlams-Hawkings equation, where
the acoustic pressure field generated by a moving body is expressed as the sum of three different contri-
butions, known as thickness, loading and quadrupole noise:

0 = 5 lpoue B = g (BBl + g HHOO) 1)

Now our attention is focused on the non linear term on the right-side of equation (1}, whose evaluation
generally requires the knowledge of the fluid velocity field around the blade, since the presence of the
Lighthill stress tensor: Tj; = Pij + puju; — cgpé;j; here p is the local air density, u; is the velocity of
the air flow, Co the speed of scund in the undisturbed medivm, and Pj; the compressive stress temsor
(Pi; = pbi; — Ly, with Zj; the viscous stress tensor). By the use of the Green’s function method, the
equation (1) is generally turned into an integral form, where the acoustic pressure from the quadrupole

source term pg is expressed by:
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Note that all the quantities in the integral kernels must be evaluated at the refarfed time +~. which
represents, at each source point, the instant when the contribution to the accustic pressure fieid started
1o reach the observer location x at the actual observer time ¢, In she equation (2) the domain V represents
the numerical grid, where the knowledge of the fluid velocity components allows the evaluation of the
integral kernels, and the presence of the Doppler factor {1 — M| points cut the relationship between the
observer time and location and the kinematics of the rotating blade. For the source points close to the
sonic circle M, easily approaches one. causing the integrals to diverge. This mathematical singularity
may be avoided through the introduction of the Doppler factor inside the integration domain, and the
adoption of the following solution form:

R
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In this equation the integration domain V represents the acoustic image of the numerical grid, where each
source point is considered. fixed an observer time and location, at the corresponding emission time 77.
Since the presence of the source point-cbserver distance r in the denominator of all kernels, the integrals
of equation {3) can never diverge: however. the absence of the numerical singularity must be paid with

1
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the subdivision of the integration domain in the supersonic regions, where multiple emission times may
arise at some particular azimuthal positions during the revolution period. Figure 1 shows the quadrupole
neise signatures computed with the equations (2) and (3), adepting & different spanwise extension of the
numerical grid.
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Figure 1 - Quadrupole noise signatures computed through the two different solution forms. for
the hovering rotor blade at My = 0.8, with different spanwise extensions of the numerical grid.
Nole the unreliability of noise predictions from equation (2) when the sonic circle is included
in the computations (ieft figures), and the corresponding signatures obiained with the acoustic
rolume integration (right figures).

The particular test-case refers to a hovering rotor blade in lifting configuration. at a zero angle of
attack but with a linear variation of the twist angle along span. with a tip Mach number of ¢.8 and an
observer location piaced in the rotor plane. at 3.09R (with R equal to the blade radius). When the sonic

[L3-3



circle is included in the integration domain, the numericai prediction of noise from equation {2} becomes
completely unreliable; on the contrary, the signatures computed through equation (3) come very close to
the real acoustic pressure time history, in spite of some numerical instabilities which increase with the

size of the grid’s outer region.

These fluctuations are due to the lack of muiltiple emission times computation in the region outside
the sonic circle and the subsequent wrong estimation of the outer grid volumes [2]. In fact, accounting
for a supersonic zone causes the subdivision of the domain V into three regions, corresponding to three
different emission times for the supersonic source points. The shape and size of these particular regions
depend on the fixed observer time and change at each time step; then, the evaluation of the integrals
in the equation (3) may be achieved. estabilishing an ordered numbering system for the nodes of these

supersonic regions.

3. The problem of multiple emission times

The determination of the emission time 7" is achieved with an iterative procedure, solving the equation:

T:t_f_:g_ix“-"’(’?’r”x@(f) (4)
co Cy

where x and y represent the present and the retarted observer and source point positions, respectively,
and n is the coordinate-vector of source point in the body frame of reference. Starting fram the initial
time 7 = ¢ and the corresponding positive value f(7) = r/co, the search for the roots of the function
{7} = [r— ®(7)] proceeds backwards, with a prescribed timestep A, up to the first sign inversion; then,
the emission time 7 is captured by subsequent iterations, until a specified error condition is satisfied.
The shape of the f(7) curve strongly depends on the rotational velocity and on the azimuthal position
of source point with respect to the observer location. For a subsonic source point, the curve exhibits a
single root, while a supersonic source point has two different points with a zero derivative; then, due to
the angular position inside the revolution period, the curve may have more than a single sign inversion,
usually leading to three different emission times.
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Figure 2 - On the left, the f(7) curves at different rotational speed are shown. The right figure
refers to the computed emission times for the blade tratling edge, at the different spanwise
stations of the numerical grid: increasing the spanwise coordinaie (or, in other words, the
rotational Mach number), three different emisston fimes arise,
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This situation is clearly shown on the left of figure 2, where the function f(r) is drawn for three source
points at different rotational speed. On the right of the same figure, the computed emission times vs
the rotational Mach number are shown for the blade trailing edge, at a given observer time: in the
supersonic range the curve exhibits three different branches, due to the possible three emission times
at some prescribed azimuthal position. The f{7) curve provides many information about the emission
times and the corresponding retarted positions of the source points. In fact, the possible three different
roots for a supersonic source point are characterized by the subsequent time derivatives of the function
itself, whose sign determines the retarted position within the revolution period. The first r-derivative,
df/8r =1 — M,, exhibits a double sign inversion, related to the three different supersonic patches. The
second patch (D2 in figure 3) is related to the second emission time (named B in figure 2); the particular
position of these source points, for which the projection of the rotational Mach number in the source
observer direction is greater than one, causes a pronounced noise generation. The other two regions
always exhibit a M, smaller than one, and are characterized by the sign of the second r-derivative:

of
ar?

related to the f(r) curvature in the root-point. The solution of equation §°f/37% = 0 has been numeri-
cally determined, and is shown in the figure 3, where the acoustic images of the first grid layer {including
the blade) are shown at four different observer times. It is easily recognized that this solution is the in-
version line for the acoustic surface curvature, which divides the space around the body inte two separate
regions, and clearly identifies the different supersonic patches related to the emission times A and C in

figure 2 (named D1 and D3 in the figure 3). -

= Mif; + fj-f’_ (32 = u?) (5)
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Figure 3 - The acoustic image of the first grid layer is shown at four different observer times.
The passage from positive to negative values for the second 7-derivative 8% f/3+% causes the

inversion of the acoustic surface curvalure.
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The change in the acoustic surface curvature may be easily seen looking at the figure 4, where the
emission times are reported versus the rotational Mach number (at a given observer time, with a high
acoustic emission), for the blade leading and trailing edge, respectively. The trailing edge exhibits a
positive second r-derivative, and the first supersonic branch, conssituting a continuous line with the
subsonic region, is placed back to the other two supersonic branches, At the same observer time, the
blade leading edge (corresponding to a negative value for §° f/87?), exhibits an opposite curvature, with
the two separate supersonic branches back to the continuous subsonic-supersonic line.
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Figure 4 - These figures show the computed emission times vs the rotational Mach number, for
the trailing edge (on the left) and the leading edge {on the right) of the rotor blade. The fized
observer time refer fo the acoustic surface configuration named D in figure 3. Note the jump
of the continucus subsonic-supersonic line, which charaterizes the curvature inversion of the

acoustic surface.

4, Numerical results

Once an ordered numbering system is estabilished for the supersonic source points, the integration on
the complete V-domain may be performed. Due to the different number of source peints on the upper
and lower surfaces, and the subsequent changes of the supersonic patches (both in size and shape), it is
necessary to adopt an interpolation scheme to evaluate the grid elementary volumes. In particular, it is
possible 1o use a simple three dimensional and linear data-fitting routine to achieve a regular panelization
of the supersonic patches; figuze 5 shows the panelization performed for the second grid layer of the
nurmnerical domain, fixing 100 nodes chordwise upon each supersonic region. Since the numerical evaluation
of equation (4) requires the computation step-by-siep of all the retarted elementary volumes, it is possible
to reduce the computing costs through the use of equation (3) inside the subscnic region. Then, the
numerical code presently adopt both the solution forms, dividing the computational grid into two separate
regions, on the grounds of a prescribed value of the rotational Mach number. Over a tip Mach number of
0.88 the quadrupole noise signature is characterized by a more and more proncunced asymmetrical shape
and a second positive peak value, whose size strongly depends on the shock delocalization phenomena,
The first numerical resuits obtained with the volume integration code for My, value in the high transonic
range (over 0.38) seemn to confirm these peculiarities, in spite of some pronounced fluctuations, whose
nature is still to be investigated. This situation is clearly represented in figure 6, where the guadrupole
noise signature from a hovering rotor blade at My, = 0.9 is determined through a decomposition of
the computational domain into three separate regions. We point out the qualitative nature of these
signatures, performed with only the first two grid layers of the computational domain, Of course, the
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most significant contribution to the acoustic pressure field arises from region 2, included between the sonic
circle and a rotational Mach number equal to (.8. This value of the rotational speed has been assumed
as the limit for the actuel volume integration, where the noise prediction is achieved through equation
{2); the acoustic signature computed for this zore is very small, exhibiting a typical symmetrical shape.
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Figure 5 - The panel reconstruction as computed through a linear and three dimensional inter-
polation, firing 100 nodes on the different grid layers. The retarted surface refers to a hovering
rotor blade at My, = 0.9, at one of the highest acoustic emission times.

But the most interesting result refers to the integration performed upon the supersonic patches. Beside
the expected increase of the negative peak value, the main effects of these particular regions on the overall
acoustic pressure time history are an increase in the asymmetrical character of the resulting shape and the
presence of some pronounced fluctuations placed in the recompression region, which seems to give rise to
the typical second positive peak value. Actually, the full integration on the supersonic regions (considering
all the computational grid layers), has provided a quite dirty signature, where the fuctuations affect all
the resulting noise prediction; then, some numerical errors are probably related to them. However, the
position and the size of these instabilities is always such as to produce a resulting shape very similar to
the expected signature.

3. Why the volume integration?

The evaluation of the acoustic pressure field generated by rotating blades in transonic range is presently
pursued with different nurmerical methods, mostly based on the so-called Kirchhoff’s approach or the di-
rect use of some CFD codes. Then, the application of the FW-H equatien is usually limited to the
evaluation of the linear terms only {thickness and loading noise). Anyhow, no plausible reason seems to
justify this choice. The acoustic analogy approach is the only, real acoustic approach, able to provide
an effective decription of the acoustic phencmena taking place in the flow fleld. It estabilishes a clear
relationship between each integral term and the different generating and propagating noise mechanisms,
allowing an understanding and a deepening of the aeroacoustic problems, not achievable with the alter-
native, direct methods. For instance, the visualization of the blade retarted images during the revelution
period, ailows to understand how the geometry of the body affects the noise generation, suggesting a
possible acoustic optimization of the blade shape, checked by the geometrical variations of the acoustic
surface. The possibility to perform a separate integration upon some prescribed zones allows to evaluate
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the contributions from particular regions of the numerical domain; in this manner, for example, tke effects
of a delocalized shock may be individually analysed and compared with the noise signature arising from
a stronger shock wave, placed upon the blade surface.
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Figure 6 - The retarted image of the hovering rotor blade at Myp = 0.9 is here reported af
a prescribed observer time, characterized by a high sound emission. The top figures represent
the different coniributions arising from the separate integration regions. Note the pronounced
asymmetrical shape of the resulling quadrupole noise signaiure and the postiion of the super-
sonic patches contributions, which give rise to the typical second pesitive peak value for the
acoustic pressure.

Furthermore, the impulsive nature of the quadrupole noise signature may be exploited, in order to limit
the computations to a particular azimuthal region. Then, the noise peak value may be found with few
time steps (and a remarkable reduction of the requested CPU time), to identify the regions with the
highest acoustic disturbances around the body, avoiding the computation of the overall acoustic pressure
time history within the revolution period. These desirable results cannot be achieved with the use of
an aerodynamic code, whose acoustic cutput has usually to be considered as a secondary outcome, and
is forced to be the global acoustic pressure time history around the body. So, aithough the volume
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integration always requires a set of aerodynamic data (being a pure post-processor of an aerodynamic
input}, it is certainly more suitable for the numerical treatment of the aercacoustic prablems, provided
the computing costs are limited. Concerning the Kirchhoff’s approach, its main advantage with respecs
to the Lighthill’s analogy is the requirement for only a two dimensional integration, with a supposed
reduction of the CPU time. Anyhow, different numerical problems are related to the choice of the
integration domain and to the accuracy of the requested aerodynamic data; furthermore, some numerical
singularities are still present in the numerical treatment of the supersonic regions. Consequently, if the
computational effort is limited, the volume integration seems to be a valid alternative to the Kirchhoff’s

solution method.

Probably, the real weak-point of the volume integration is the availability of the requested aerodynamic
data, involving the knowledge of the three dimensional Auid velocity fleld around the blade. This kind
of information is very hard to be numerically found, and cannot arise from experimental test. Very
good results, both for the resulting shape of the signatures and for the predicted negative peak values
of the acoustic pressure, have been obtained up to a tip Mach number of 0.83, solving equation (2) and
exploiting different sets of aerodynamic data {from an Euler and a full-potential, non-conservative code)
{1, 2]. At present, our main effort is devoted to improve the integration on the supersonic regions, in view

of further test-cases at higher rotational speed.

For many vears -the volume integration has not been used, since its application was considered too
expensive, from a computational point of view, for the HSI noise prediction. Recently [2], it has been
shown how some simple contrivances may be adopted 1o reduce the requested CPU time. With a suitable
choice on the azimuthal region of interest and an optimized computation of the emission times, the
converged solutions for the quadrupole noise signature presently require a CPU time varying between 13
and 30 minutes on a CONVEX C3860 System, depending on the size of the numerical domain (note that
the double precision, which usually doubles the computing costs on this particular machine, has always
been adopted in the calculations). These data do not yet include the calculation of multiple emission times
and the integration on the supersounic regions, since they refer to tip Mach numbers smaller than (.88;
then, these values are certainly destined 1o grow. Anvhow, the CONVEX is generally considered four
times slower than a CRAY-YMP, where the alternative solution methods require a largely comparable
computational effort (80 minutes for the direct Euler solutions on the same hovering test-case [3], and 13
minutes for a forward flight test-case treated with the Kirchhoff’s approach [9}). Furthermore, the use
of a different integrai solution, not based on the present simple zero-order formulation, and the adoption
of some particular techniques, concerning a possible parallelization of the code, suggest seme further
enhancements in the requested CPU time. For these reasons we think it is no longer possible to disregard
such a numerical appreach for the aercacoustic aralysis of transonic tip speed blades.

5. Conclusions

The interesting and encouraging resuits achieved during one year of research activity on the volume
‘ntegration, urge to some further developments of the methodology. The computational flexibility of the
method and the proved effectiveness in the evaluation of HSI noise, make the acoustic analogy approach
a very suitable tool for the aercacoustic analysis of rotating blades, whose adoption cannot be limited
to subsonic problems. Furthermore, the remarkable reduction achieved on the computing cost and the
subsequent competitiveness compared to alternative methodelogies, suggest the extension of the code for
the numerical treatment of high speed propeller blades, where the supersonic region often includes part
of the blade itself. A particular attention must be paid 1o the computing costs, whose size strongly affetes
the possibility of industrial applications: so. a continuing optimization work is to be considered in the

development of the numerical procedure.
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