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Prediction of Propfan Noise
by a Frequency-Domain Scheme

H. Gounet* and S. Lewyt
Office National d’Etudes et de Recherches Aéronautiques, Chdtillon, Cedex, France

The noise of single-rotating propfans is predicted from the solution of the Ffowcs Williams and Hawkings
equation in the frequency domain. The computations under certification procedures are based on the concepts
developed for conventional propellers because the flight speeds are low. Emphasis is put on noise computation
on the fuselage outer wall at cruise speed. Since the helical tip velocities are then transonic, the previous codes
must be completed to take into account the noncompactness of the acoustic sources and the blade twist. In addi-
tion, 2 method of estimation of near-field propeller sound levels is developed from the Euler three-dimensional
equations. Finally, acoustic measurements on a 1-m model propfan in the S1-MA transonic wind tunnel of
Modane-Avrieux are presented, and comparisons with theoretical results are given.

Nomenclature

A =parameter related to the observer location
B =number of propeller blades
b =chord at span r
c =sound velocity
C, =power coefficient, W/ (pN*D%)
D =propeller diameter
F(z) =span force distribution function
f(z.x) = chord force distribution function
h(x) =thickness along the chord
H(x) =reduced thickness, A2 (x)/b
J =advance ratio, *M/M,,
- =first-kind Bessel function of order mB

= position along the chord
M =advancing Mach number
M, =rotational Mach number at blade tip, QR/c
M, =relative Mach number at blade tip, (M?,,, + M?)*
m =harmonic order
N =propeller rotational frequency
D =sound pressure
D =loading noise
D; =thickness noise
R =propeller radius, D/2
r =position along the span
S =modified observation distance,

(X2 +BX(Y2+2%))"

vV =forward flight speed, cM
w =power supplied to the propeller
(X,Y,Z) =coordinates of observer location

=reduced chord, //b

=reduced span (case of a plane blade), r/R
=1-M?

=propeller efficiency

71,M2,M3) = point source coordinates

=air density

=parameter related to the observer location
=sweep angle of the blade (case of plane blades)
=rotation speed of propeller
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1. Introduction

ROPFANS offer the advantage of a higher propulsive

efficiency than turbojet engines for flight Mach
numbers of 0.7-0.8.12 The resulting fuel savings are certain
to be of interest for future short- and medium-range
airplanes. It is for this reason that Aerospatiale, Ratier-
Figeac, and ONERA have undertaken, under contracts with
French government agencies, a research program concerning
propfan aerodynamics, aeroelasticity, and acoustics. This
paper refers to the acoustic design of this type of propellers;
it is limited to the case of single-rotating propellers and
marks a first step toward the study of counterrotating pro-
pellers and unducted fans, which appear at this time to be
among the most probable aircraft solutions.

Propeller pure tone noise prediction codes have been
developed at ONERA.. Used in former research on propellers
for light aircraft,>* they have been applied to the calculation
of propfan thickness and loading noise in the far field. Sec-
tion II presents the sound level estimated by these programs
under conditions of certification (far field, moderate flight
speeds). Section III is devoted to the extension of the com-
putations for cruise flight (noise on the fuselage, high
advancing speeds). The improvements provided concern the
thickness term, which, in this case, becomes predominant for
single-rotating propellers. The noncompactness of the
acoustic sources and the blade twist are included in this
calculation.

This method, while entirely acceptable under the condi-
tions of certification, is not completely satisfactory in the
case of cruising for two reasons: on the one hand, the
fuselage is located too close to the propeller for the far-field
hypotheses to be totally valid; on the other hand, the
quadrupole term, which becomes large at transonic helical
tip speed,’ mainly for unswept nontapered blades,® is not in-
cluded in the calculations. For these reasons, predictions
from aerodynamic calculations based on the Euler three-
dimensional (3D) equations’ are currently being developed:
the mesh extends only to the vicinity of the blades, and the
pressure fluctuations, determined only in near field, include
all noise sources of aerodynamic origin. This idea, also uti-
lized by Korkan and Von Lavante,? is described in Sec. IV.

Along with the theoretical studies, a 1-m-diam 12-bladed
propeller model was tested in the ONERA S1-MA wind tun-
nel at Modane-Avrieux. The main objectives were to deter-
mine the performance and aerodynamic and aeroelastic
characteristics of this model. Acoustic measurements were
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also carried out, and some of the experimental results ob-
tained from these tests are given in Sec. V.

II. Far-Field Noise Computation
Under Conditions of Certification

The details concerning the derivation of the expressions
and the method used are outlined in Ref. 4. The propeller
tone noise sources are broken down conventionally into
monopoles (thickness noise), dipoles (loading noise), and
quadrupoles. Only the expressions of thickness and loading
noise are established. To this end, we expand the Lighthill
wave equation in the integral form of Ffowcs Williams and
Hawkings as modified by Goldstein® to take into account the
motion of translation of the sources. The Fourier transform
of the expressions leads to making the computations in the
frequency domain, which directly gives the sound level of the
tones. This method is quite close to that followed by Han-
son,'0 although the latter is placed straight off in a fixed
reference frame, whereas our calculations are worked out in
a reference frame linked to the aircraft (origin at the center
of the propeller). Likewise, Legendre!! and Tam and
Salikuddin!?> use the same basic equations to describe the
noise generated by a propeller and a helicopter rotor, but
with respect to a rotating reference frame (linked to the
blades). The type of development followed in the present
paper avoids singularities that appear at transonic speeds
when calculating the solution of the wave equation in the
time domain; denominators close to zero can then appear in
the source terms. However, several means exist to solve these
difficulties.!3-1

For calculations under conditions of certification, the for-
ward velocities and, thereby, the helical tip velocities are
moderate. Some simplifying hypotheses can then be posed.
Thus, we consider plane blades and acoustic sources concen-
trated at one point of the chord; only the span distributrion is
introduced.

The expressions used in these conditions to describe the
sound pressure on the harmonic of order m at the frequency
Jm =mBN are written for the thickness term and the loading
term, respectively, as

Pe= 475G
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with 4 =vY?+Z%/Sand tgp=2/Y.

Blade dimensions are expressed in reduced coordinates
(x=1/b for chord, z=r/R for span), and observer location is
defined by X, 4, and ¢. Other notations are given in the
Nomenclature.

The computer code has been applied to three propellers
defined by ONERA for the preliminary aircraft plans of
Acrospatiale under certification-type conditions. Figure 1
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shows an example of the results obtained for an overflight. We
see, in particular, the beneficial effect of a high number of
blades (propeller called HR2 less noisy than HR1) and of a
lower rotation Mach number (HR2 quieter than HR3).

ITI. Calculations of Far-Field Noise
at Cruise Speed

In the case of cruising flight, the advancing Mach number is
of the order of 0.7-0.8: the helical tip velocity becomes tran-
sonic, which generates very high noise levels a priori, such as
to greatly interfere with the work of the crew. They even may
cause this type of propulsion to be abandoned for passenger
transport because a usual fuselage lining, which does not add
too much to the weight of the aircraft, could be insufficient.
An accurate noise prediction is therefore required. This is the
reason why the preceding calculations, drawn up for conven-
tional propellers, must be adapted to take into account the
complicated shape of the blades and the noncompactness of
the acoustic sources along the chord. It should be mentioned
that these modifications have been made only on the thickness
term, which, at the speeds under study, becomes predominant
with respect to loading noise for single-rotating propellers.

Noncompactness of Sources Along the Chord

We start again by considering plane blades and then in-
troduce the phase shift that exists at a given span location be-
tween two points of the chord: e(/,r) =tge=1/r.

The expression of the thickness noise is then written as
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In the case of transonic propellers, the emitted frequencies
are such that the wavelengths are comparable to or less than
the chord dimension. The phase term exp[imB(x/z)(b/R)]
is other than unity; the acoustic sources radiating at the same
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Fig. 1 Overall sound level variation as a function of observation
distance: M=0.3, nominal rotation speed, maximum power
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time are perceived with a phase shift that tends to partially
cancel their contribution. This is expressed (Fig. 2) by a
sharper decrease of the sound spectrum with an already
lower level at the blade passing frequency.

Introduction of Blade Twist

The following development permits us to avoid approx-
imations that reduce the blades to one plane. Each point of a
blade is located in a three-dimensional space (Fig. 3) and
constitutes a sound source whose coordinates are written as
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This code therefore generalizes the hypothesis of noncom-
pactness along the chord. The expression for thickness noise
takes the following form:
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Fig. 2 Comparison of the various hypotheses of thickness noise
computation at transonic speed: M., =0.95 (M=0.65, M, =0.7).
Sound spectra (tone noise) in the plane of the 12-bladed propeller at
3.D from the center: x-x plane blades, compact sources in chord;
0--0 plane blades, noncompact sources; +—+ twisted blades.
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with

rr=n}+n3

T

A=, Y—1,2)/8

A=, Y+n32)/S

A=A+ A4}
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The application of these expressions to the case of a
12-bladed propfan shows that the spectra are entirely com-
parable to those obtained by Eq. (3) if the helical tip Mach
number is subsonic. In the transonic and supersonic domains
(Figs. 2 and 4, respectively), differences appear on the spectra.
Twist acts like noncompactness of the sources along the chord
by introducing a phase shift between the various points of
sound emission. The produced effect depends upon the ratio
of the acoustic wavelengths (A=c/f) and the characteristic
dimensions of a blade; it can go as far as cancellation of cer-
tain waves. The result is therefore a reduction of sound levels.
Taking blade twist into account for the calculation of
thickness noise in transonic conditions is even more important
for observation points located outside the plane of rotation of
the propeller (Fig. 5). Thus, for a relative Mach number of
0.955 (Fig. 2), the difference on the blade passing frequency
between the plane blade and twisted blade computations
changes from 1 dB in the plane of rotation to 4 dB for an
observation angle of 60 deg; differences can be much greater
on the second harmonic.
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Fig. 3 Identification of source points § in three-dimensional space.
a) Identification of the guarter-chord line F (MeF), b) view in the
plane y;=z;. AB is the length of the chord at position y3=2;.
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Figure 6 shows some comparisons between computation of
thickness noise with twisted blades [Eq. (5)] and theoretical
and wind-tunnel results published by NASA.!¢ Both U.S. and
ONERA calculations (the first one in the time domain, the
second one in the frequency domain) give similar variations of
the sound level at the blade passing frequency as a function of
the helical tip Mach number. For values lower than 1.1, ex-
perimental levels lie within the two types of computations.
Similar results are found on higher harmonics (spectra com-
puted at several Mach numbers). It should be noted that the
observed differences could come, on the one hand, from a
slight influence of loading noise, which is taken into account
only in the NASA computation, and, on the other hand, from
inaccuracies in the geometry of the blades entered as input of
the ONERA code (U.S. propeller SR1 with eight blades).
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Fig. 4 Comparison of thickness noise computations with noncom-
pact sources at supersonic speed: M., =1.06 (M=M,, =0.75).
Sound spectra (tone noise) in the plane of the 12-bladed propeller at
3.D from the center: 0o---o plane blades; +— + twisted blades.
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Fig. 5 Effect of blade twist on the directivity of propeller noise
(calculations with noncompact sources in both cases): B=12,
M, =0.955 (M=0.65, M, =0.7). ’
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For the latter reason, such comparisons seem sufficient to
validate the results previously discussed. However, it must be
emphasized that some improvements of the NASA predic-
tion methods were recently published,'”>'® but numerical
results were given for propeller SR3 only. ONERA also con-
tinues its work in order to introduce the actual three-
dimensional blade shape in the loading noise code, as was
done for thickness noise. From an experimental point of
view, in-flight tests were published,!® but here again only
propellers SR2 and SR3 were studied.

IV. Near-Field Computations
for Cruising Flight

In order to obtain information concerning noise levels at
the fuselage location, which is at the limit of the far field of
the propeller and sometimes even below, ONERA is present-
ly investigating predictions with aerodynamic computations
based on the Euler 3D equations’: pressure fluctuations are
determined on and in the vicinity of the blades. They include
all aerodynamic noise sources and, thus, permit access to the
total sound level in the near field of the propeller; not only
are the monopole and dipole terms taken into account, but
also noise of quadrupolar origin disregarded in the computa-
tions presented in the preceding paragraphs.

Sound Field Computation

The field of pressure fluctuations p; is obtained in a
reference frame linked to the rotating blades by solving the
Euler equations by a pseudo-unsteady method. For this pur-
pose, a three-dimensional mesh is used on and near the
blade.

For the acoustic computations, we consider only the points
located beyond the radius of the blades. The angular
distribution of pressure p; (j from j;, to j,,) being known
over an arc of circle of 2x/B at a given axial position X and
distance d to the axis, its average value p = (1/N)Lp; with
N = jiax —Jmin)» and the discrete Fourier transform of the
function p(j) = p; — b are computed. The obtained spectrum
Pm(m=1,..,(N—1)/2) describes the acoustic pressure of
the harmonics of the propeller noise: at f,, =mBN, L, =10
logo(1p,,12/p2.r) With p.s=20 uPa, and the overall sound
level is given by
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Fig. 6 Noise level at the blade passing frequency f, =BN in the
plane of rotation for the U.S. propeller SR1 (B=8).
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Results Obtained

The variation of the sound field, for observation points on
a line parallel to the axis of rotation of the propeller, gives
information on a fuselage that would be at a distance d from
the propeller axis. It is observed that the sound level is not
maximum in the plane of the propeller (X=0), but slightly
downstream. In the example of Fig. 7 (d=1.45R), the max-
imum sound emission angle is of the order of 100 deg. The
sound level decreases very rapidly on both sides of this loca-
tion because the effects of distance and directivity are com-
bined. Computed spectra show a very strong dominance of
the blade passing frequency; whatever the case examined
(speed, point of observation), the difference between the first
and the second acoustic harmonic is greater than 10 dB.

The idea to use the aerodynamic results of a Euler com-
putation to evaluate sound levels is also used to advantage
by Korkan and Von Lavante.® Figure 8 shows a comparison
of the acoustic results as a function of distance d in the plane
of an eight-bladed propeller. Published data were obtained
for SR3 and present data refer to a fictitious eight-bladed
propeller. The lack of common parameters concerning blade
geometry as well as power and advance ratio explains the
bars on our resuits and makes the comparisons more
qualitative than quantitative. We note, however, that the
sound levels are of the same order of magnitude and that the
decrease of the field with distance is similar; the sound
pressure varies as about 1/d° (attenuation of 30 dB when the
distance is doubled) instead of 1/d in the far field.

It is necessary, however, to assess the validity of such an
application of Euler codes for acoustic purposes. The finite
size of the computation domain, with imposed pressure on
the boundary, and the numerical viscosity, which must be in-

(dB ref.20 uPa)
1501

140 |-

130 +

120 +

100 +

[ — 1 J

Upstream Downstream
X/R

Fig. 7 Variation of sound level at the blade passing frequency
J1=BN obtained in the near field: B=12, d/R=1.45, M, =1.06.
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troduced in order to obtain converging solutions, may partly
explain the sharp decreases, both with frequency and
distance. As a matter of fact, experiments of Brooks and
Metzger?® show shock waves (i.e., high frequencies) with a
slow decrease around the propeller. This study is thus only
beginning; in a second step, it is planned to extend the com-
putation to observation distances farther away in order to
examine the changes in the rate of decrease and to look for
an overlapping with the far-field computations. In fact, tests
of the SR6 propeller in the Boeing anechoic test chamber?!
and transonic wind tunnel®? showed that the far-field
hypotheses are valid whenever the distance d reaches about
1.5-2 propeller diameters.

V. Test at S1I-MA

In October and November 1985, the testing of a 1-m-diam
12-bladed propfan model was carried out in the ONERA
S1-MA wind tunnel in Modane-Avrieux (return-flow tran-
sonic wind tunnel with a closed test section of 8 m in
diameter). The propfan, called HT3 (Fig. 9), is the scaled
model of HR2 (see Fig. 1) defined by the ONERA

x OASPL (dB ref.20 pPa)
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\l
~
Mre| = 1
Cp=1.89 ‘

140 1

120 -

1 d/R 2 3

Fig. 8 Computation of the near-field sound level in the plane of an
eight-bladed propeller. Logarithmic scale in abscissa. x: Korkan and
Van Lavante® results (propeller SR3); Advance ratio J=3.06. |2
ONERA results; M, =1.06, J=3.15, power coefficient
1.81<C, <2.18.

Fig. 9 Assembly view of propfan model setup in the test section of
the SI-MA wind tunnel.
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Aerodynamics Department for an optimum cruise Mach
number of 0.75. It was manufactured and equipped with
Kulite pressure transducers by the Helicopter Division of
Aerospatiale and was driven by a motor designed and pro-
duced by the Large Testing Facilities Department of ONERA
and by Ratier-Figeac.

Along with the measurements of the propfan performance
and blade aeroelasticity, which constituted the main objec-
tive of this program, acoustic measurements were taken, in
spite of the absence of acoustic lining on the walls of the test
section.

Description of Acoustic Measurements

The axis of the propfan was located 1.20 m below that of
the test section. This off-center position of the propfan is ad-
vantageous for acoustic measurements because it prevents
the refocusing of the sound waves on the source, which
might occur without acoustic lining.

The main problem encountered in the preparation of these
tests was to make suitable acoustic measurements at high
velocity, up to a Mach number of 0.75. Three microphones
were placed at the wall of the test section, but the acoustic
waves risk being disturbed crossing the boundary layer.? In
order also to put the transducers closer to the model, we
used waveguide probes (Fig. 10), inspired by those developed
for lower speeds by the Acoustics Department of SNECMA,
for its studies of propagation in turbojet exhaust ducts. A
probe of this type was placed near a flush-mounted
transducers but with the pressure tube outside the boundary
layer, in order to assess the effect of the boundary layer and
of reflections on the walls. Six other probes mounted in
streamlined masts were positioned in the flow at various
distances from the propfan and at several angular locations.
The microphone closest to the propfan is at d=1.6 m from
the center (thus 1.6 diameters). So it is agreed that the 10
microphones are in the far field with respect to the acoustic
source, 2.2

The tests were carried out for flow Mach numbers between
0.25 and 0.75, without any propeller incidence.

Behavior of the Results

The signals recorded in a bandwidth of 0-20 kHz are
analyzed with a frequency resolution of 25 Hz; the spectra
are plotted in the 0-10-kHz band.

Overall, whatever the flow speed and microphone con-
sidered, the propeller pure tones emerge from the broadband
noise. For the lowest flow speeds (M =<0.6), besides the pro-
peller pure tones, tones appear on the spectra (Fig. 11) due
to the presence of shrouds visible on Fig. 9; their frequencies
are actually proportional to the flow speed. At M=0.5, the
analysis of the spectra is rendered difficult by the presence of
these tones: the blade passing frequency, at f; = BN, is very
close to the tone due to the shroud of 35 mm in diameter
and its sound level is lower. At the highest speeds (M >0.6),
the tones due to the presence of the shrouds are buried in the
broadband noise (Fig. 12) and, in spite of the very strong in-
crease of the latter (~20 dB between M=0.25 and 0.75), the
propeller pure tones, or at least the first one, emerge clearly.

In addition, we observe that, at least on the blade passing
frequency at f; = BN=1 kHz, the signals picked by the flush-
mounted transducers do not seem to be affected by the
boundary layer and that of the probe near the wall do not
appear to be disturbed by reflection phenomena: the dif-
ference in sound level on this tone, f; =BN, is on the order
of 6 dB, which corresponds to the doubling expected from
the sound pressure on a wall. The effect of the wall bound-
ary layer may be greater for the higher harmonics because
their wavelengths become smaller than the thickness of the
boundary layer. The conclusions concerning reflection,
drawn from microphones located in the plane of the pro-
peller, should also be moderated for measurements rather
distant upstream or downstream, as mentioned in the follow-
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ing paragraph. In addition, a confinement effect is visible in
some cases because microphones farther away from the pro-
peller can perceive more noise than others closer to it.

Fig. 10 View of microphone probe for high-speed flow: 1-—Briiel
and Kjaer, microphone and adapter; 2—static pressure tube; 3—An-
tireflection coiled tube; 4—wall-mounting clip (used only for the
probe without mast).
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Fig. 11 Spectra obtained at low speed. Microphone in the propeller
plane at d=3.5 m: 1—shroud ¢$=35 mm, 2—shroud ¢=30 mm,
3—blade passing frequency f; = BN.
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Fig. 12 Spectrum obtained at high speed. Microphone in the pro-
peller plane at d=3.5 m: 1—shroud ¢ =35 mm, 2—shroud ¢ =30
mm, 3—blade passing frequency f; = BN.
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Preliminary Comparisons with Theoretical Results

For these first comparisons, we use the computational
model of the far-field type, with the hypotheses of plane
blades and noncompact sources, which takes into account
the thickness and mean loading noise (relations 2 and 3). The
following comparisons concern only sound levels at the blade
passing frequency, f; = BN (Fig. 13).

1) For microphones located in the plane of the propeller
(0 =90 deg), the computation and the corresponding test are
in good agreement except at maximum speed (M, =1.04),
where the theory greatly overestimates the sound levels; the
model taking into account the twisted shape of the blades
would lead to a decrease of sound levels and, therefore, im-
prove the agreement with the experimental results at relative
transonic speeds.

2) For the microphones placed rather far away upstream
and downstream from the plane of the propeller, very large
differences appear between the theoretical and experimental
results; the computed sound levels are always lower. An ex-
planation, at least partial, may lie in the absence of acoustic
lining: since sound emission is maximum around the plane of
the propeller, the wall reflections can produce an appreciable
increase in the noise perceived upstream and downstream.

VI. Conclusion

The acoustic study of propfans has been undertaken at
ONERA within the framework of research on this type of
propellers, carried out in France for several years. The ap-
plication of noise prediction codes, developed for conven-
tional propellers, has served to estimate sound levels radiated
by three propfans under conditions of certification (low
speeds, far field). These data are used by Aerospatiale for
aircraft preliminary plans.

In the case of cruising flight in which relative blade-tip
velocities become transonic, the far-field noise computations

AL (dB) = Lexper — Ltheory
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Fig. 13 Comparison of experimental and theoretical results at the
blade passing frequency f; =BN.
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have been improved to take into account the exact shape of
the blades and the distribution of acoustic sources along the
chord. These modifications are appreciable when the
acoustic wavelengths become comparable to the blade
dimensions; the phase shifts created are then important and
some waves can be practically canceled. This results in lower
sound levels and a spectrum decrease sharper than in the
case of the simplified computation. The work carried out on
thickness noise will be extended to the computation of
loading noise: if the latter is low for single-rotating pro-
pellers in cruising flight, it increases for counterrotating pro-
pellers and unducted fans because of fluctuations due to the
interactions.

In order to be able to obtain near-field information in-
cluding all of the sources of aerodynamic noise, acoustic
computations are carried out based on the pressure fluctua-
tions given by the solution of the Euler 3D equations. In the
vicinity of the blades, the sound level is maximum for an
observer location slightly downstream of the plane of rota-
tion of the propeller. The rate of decrease of sound pressure
with distance is much higher than in the far field since an at-
tenuation of 30 dB is observed when the observation distance
is doubled, instead of 6 dB. This first study will be followed
up mainly by extending the computation domain in order to
be able to make the connection between the near and far
fields. ’

Tests of a transonic propfan model in the SI-MA wind
tunnel have permitted a data base on this type of propeller to
be constituted. In spite of the differences with theoretical
results, due especially to the absence of acoustic lining on the
walls of the wind tunnel, the first comparisons are encourag-
ing and new tests with propeller incidence and at higher flow
speeds (M= 0.8) are also planned.
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