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Abstract

A method has been studied for predicting the
acoustic field of the SR-3 transonic propfan using flow
- data generated by two versions of the NASPROP-E
computer code. Since the flow field(s) calculated by the
solver(s) include the shock wave system of the propeller,
the nonlinear quadrupole noise source term is included
along with the monopole and dipole noise sources in the
calculation of the acoustic near field. Acoustic time his-
tories in the near field are determined by transforming
the azimuthal coordinate in the rotating, blade fixed co-
ordinate system to the time coordinate in a non-rotating
coordinate system. Fourier analysis of the pressure time
histories is used to obtain the frequency spectra of the
near field noise. The method is used to investigate the
effects of boundary condition reflection, artificial viscos-
ity, and azimuthal grid spacing on the near field acous-
tic time histories and frequency spectra at preselected
observer locations. Acoustic characteristics in the far
field are investigated by applying Kirchofl's theorem to
a non-rotating control surface about the propeller con-
figuration as proposed by Farassat. The method utilizes
near field acoustic pressure data as a function of time
and location as provided by the flow field solvers.

Nomenclature
Qg Fourier cosine coefficient for kth harmonic
a, speed of sound
b radius of control cylinder in far field method
by Fourier sine coefficient for nth harmonic
C control surface for far field analysis
CFL Courant-Friedrichs-Lowy number
f surface of body in motion
J grid index for the axial direction
Im Bessel function of the mth order
K grid index for the radial direction
L grid index for the azimuthal direction
m harmonic number
Al component of Mach number in 7 direction
M, normal component of Mach number
M, tangential component of Mach number
Al Mach number vector
2 outward vector normal to C
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P,.s acoustic reference pressure, 20 pPascals

acoustic pressure at a point

|

s root-mean-squared pressure

radial coordinate in cylindrical coordinates
radiation vector

distance from source to observer

distance from origin to observer

retarded time

control surface for far field analysis
observer time

period

axial velocity of propeller

control volume

point in Cartesian coordinates

observer location

axial coordinate in cylindrical coordinates
azimuthal coordinate in cyvlindrical coord.
azimuthal coordinate in body-fitted coord.
radial coordinate in body-fitted coordinates
axial coordinate in body-fitted coordinates
rotational speed of propeller

freestream density

spherical coordinates as shown in Fig. 13
source time
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Introduction

The prospect of rising fuel costs has generated new
interest in propelier technology. Propellers in the past
were efficient at lower speeds, but the propulsive effi-
ciency of traditional propellers decreases rapidly with
increasing Mach number. As a result, these propul-
sion devices were unable to compete economically at
higher speeds associated with modern commercial jets.
However, the turbojets and turbofans presently used are
more efficient when operating at higher Mach numbers
than used presently for jet transports. An intermediate
propulsion concept is needed to properly fill the speed
range between the propeller and turbofan.

One possible propulsion concept for the high sub-
sonic speed regime is the transonic propfan With six to
ten thin, highly swept blades, and high disk loading. the
propian represents the middle ground between the tur-
bofan and the traditional propeller. These properties
present new problems in acoustic analyses since meth-
ods presently in use do not account for these effects.
Noise associated with propellers contains acoustic power
at a specific set of frequencies which are harmonics of the
blade passing frequency. Propfans may produce exces-
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sive noise levels compared to the noise of a conventional
propeller, which is chiefly due to the presence of local
supersonic flow and shock waves in the tip region of the
propfan. Excessive near field noise results in high cabin
acoustic values, and over a period of time may possibly
cause acoustic structural fatigue. Knowledge of the flow
field and the acoustic field produced by the propfan is
necessary to effectively address these problems.

For a propeller operating in the transonic range,
there are three mechanisms by which propeller noise
is produced. Noise which is the result of the periodic
volumetric displacement of air by the propeller, has the
character of an acoustic monopole*:?. Noise which arises
from the periodic translational displacement of air due
to the resultant aerodynamic forces acting on the blade
has the character of an acoustic dipole. When shock
waves or regions of extreme gradients are present, a
third mechanism produces noise with the nature of an
acoustic quadrupole. Unlike monopole and dipole noise
sources which radiate from the propeller blade surface,
quadrupole noise sources radiate {rom any region in the
flow field where shock waves or extreme flow gradients
are present. These noise mechanisms have been identi-
fied mathematically in the Flowes Williams—-Hawkings
equation?® as described by Farassat®.

A fiow field solution which accounts for the pres-
ence of shock waves in addition to the monopole and
dipole effects is needed to accurztely model the acous-
tic properties of the transonic propfan. A tip shock
wave on a propeller is a nonlinear mechanism which
produces significant levels of the quadrupole source. In
propellers with subsonic tip speeds, the strength of the
quadrupole noise source is negligibly small, and the use
of linear acoustic analvsis is appropriate. As a result,
most methods developed in the past have neglected
the quadrupole noise source term in their theoretical

development®. With the advent of the propfan how-
ever, quadrupole sources must be included since the
non-linear quadrupole noise at supersonic tip speeds is
a significant contributor to overall noise levels.

Review of Acoustic Prediction Methods

The first significant contributions made in the the-
oretical prediction of propelier noise were those of Ly-
nam and Webb* in 1919 and Hart® in 1930. However,
these methods failed to produce proper directivity pat-
terns of the predicted noise levels. In 1936, Gutin® de-
veloped a method which was based on the aerodynamic
loading distribution on the propeller disk. Gutin’s the-
ory is still valid in the near field case, and using this
method Hubbard and Regier” were able 1o correlate well
with experimental values. Gutin’s theory was extended
further by Garrick and Watkins® to include the eflects
of forward motion of the propelier on the acoustic field.

In 1952 Lighthill’ published his theory of azerc-
dynamic sound which included the eflects of volumet-
ric displacement, resultant aerodynamic forces, and ex-
ternal fiuid stresses as acoustic monopole, dipole and

quadrupole noise sources. The Lighthill acoustic anal-
ogy was extended by Ffowcs Williams and Hawkings?
by the use of generalized functions which facilitate the
evaluation of integrals which may have singularities that
render other solution methods impractical. Hawkings
and Lowson® developed a far field method for planar
rotors in a static environment which can calculate the
monopole and dipole noise components for both sub-
sonic and supersonic tip speeds. The frequency spec-
trum is calculated for a set of noise sources which are
fixed to the propeller blades rotating in a fluid fixed
coordinate system. Jou!? extended this method to the
forward flight case and modified the formulation using
a planar disk of fixed periodic sources rather than a set
of rotating constant sources.

Farassat’s method!! can be used in both near and
far field for a general propeller geometry and motion as
in forward flight. Farassat applies the collapsing sphere
method by dividing the propeller blades into panels and
then further subdividing the set of source panels on
the blade into subsonic and supersonic regions. Results
from Farassat and Succi’? and Nystrom and Farassat?3
for various geometries and operating conditions show
that this method can predict proper acoustic behavior
when the propeller tip region is not expected to pro-
duce strong shock waves. However, it is believed that
the exclusion of the non-linear quadrupole source in the
higher speed cases resulted in underprediction of acous-
tic values in the lower harmonics!??3. In a recent study,
Farassat proposes 2 method which includes the effects of
quadrupole sources in shock waves, boundary layers and
wake sources’®*. The collapsing sphere method is also
used in the time domain solution by Hanson®®. Hanson
also has developed a frequency domain solution method
employing 2 Fourier transform applied to the Fiowcs-
Williams Hawkings equation for a non-rotating coordi-
nate system'®, Woan and Gregorek!” assumes steady
blade loading and subsonic tip speeds. In comparisons
with experimental data, this method has been shown
to accurately predict acoustic values for standard tur-
boprop propellers*®. Succi’® also assumes steady load-
ing and subsonically moving sources, but also assumes
the thickness and loading $ources are compact segments
rather than chordwise distributions.

All of the methods mentioned previously do not
include the non-linear quadrupole noise source term as
contained in the Fiowes Williams-Hawkings equation.
However, Hanson and Fink?? have formulated a2 method
{or an unloaded rotor operating in a static environment.
In general, linear acoustic prediction methods have been
sufficiently accurate to allow designers of propellers to
determine the noise levels for low Mach number appli-
cations. However, the transonic propfan operates at
high subsonic Mach numbers with highly loaded blades
in which the propeller tips travel at supersonic speeds.
Complete solutions of the Fiowes Willilams-Hawkings
equation including the nonlinear volume integrals may
require excessive computational effort compared to that




of linear solution schemes.

The present approach uses a three dimensional Eu-
ler analysis to account for the non-linear effects of su-
personic flow for a large domain on and around the pro-
peller and nacelle. Acoustic analysis is applied to any
point within the computational domain thereby in effect
accounting for the monopole, dipole, and quadrupole
noise source terms to obtain acoustic pressure time his-
tories and frequency spectra for a given flow solution.
This eliminates the need to explicitly solve Lighthill’s
equation.

Present Approach

In this study, the non-linear character of the flow
field is accounted for by the use of the NASPROP-
E computer code. This program solves the three-
dimensional Euler equations in weak conservation law
form in the coordinate system shown in Fig. 1 using
an implicit finite difference approximate factorization
scheme??:22,
non-linear behavior in the propeller flow field including
shock waves and tip vortices. This Beam Warming type
solution is weakly unstable in three dimensions and ar-
tificial dissipation must be added to obtain a converged
solution. The governing equations are cast in cylindrical
coordinates {z.7.6) and then transformed into body-
fitted coordinates spinner and nacelle of the SR-3 are
both axisymmetric, the flow field can be assumed 1o be
periodic for one blade passage. The nacelle and spin-
ner are mapped onto the first constant 7 surface and
the inflow/freestream boundary is mapped on the last
surface which is placed approximately three diameters
away from the propeller. The suction surface of the
blade is mapped onto the first constant { boundary and
the compression surface is mapped onto the last con-
stant ( boundary. The remeaining region of both the
first and last constant { boundary constitute the peri-
odic boundaries. For the SR-3 geometry there are eight
blades, therefore these boundaries are separated by an
angle of 15°. The first constant § surface collapses into
the upsiream stagnation streamline on the propeller axis
and the last constant ¢ surface is the outflow boundary
which is placed two diameters downstream of the pro-
peller.

The solution method models the inviscid

The conditions applied at each of the boundaries
are the analog of a2 propeller operating in an infinjte
fluid which is assumed to be an inviscid, calorically per-
fect, and non-heat conducting medium. The freestream
boundary is updated using Riemann invariants in the
non-reflecting version of the computer analysis. The
reflecting version maintains constant freestream condi-
tions for 2ll time steps at this boundary. The outflow
boundary specifies the exit pressure by integrating the
radial pressure gradient calculated from the radial equi-
librium equation. Flow tangency is enforced on the solid
surface boundaries by a separate explicit scheme.

The flow field solutions generated in the follow-
ing segments are compared 10 2 COMMON case using

(&%)

the non-reflecting boundary conditions in a smoothed
grid with 45 axial, 21 radial and 21 azimuthal coordi-
nate stations. Solutions of the transonic flow field were
obtained using a Courant number of 4.0 and run for
10,000 iterations using explicit fourth-order and implicit
second-order damping of 4.0 and 8.0, respectively. The
user-defined variables of azimuthal mesh spacing and
damping as well as the free-stream boundary conditions
were varied independent of each other in the compar-
isons presented. The Courant number and number of
iterations were kept fixed for all cases, and the Lz norm
of the residual dropped by approximately three orders
of magnitude for convergence.

Previous studies?® ~2® have shown that the acoustic
near field overall sound pressure level (OASPL) can be
obtained by the integration of the pressures at 2 spec-
ified radial distance from the axis of rotation using a
root-mean-square method. The OASPL at a given point
is found by transforming ¢, the azimuthal coordinate in
the rotating coordinate system of the flow solver into ¢,
the observer time in stationary coordinates by using the
relation, 1 = d/!, where [ is the rotational speed of the
propeller. Therefore, to obtain OASPL:

OASPL = 10log,, {me./Pfef} (1)

using a reference pressure of 20p Pa. Also, Prm, is
defined by the expression:
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=1/(T, = Th) [ P*(t)dt (
where P(t) is the acoustic or perturbation pressure.
The frequency specira can be obtained by using the
Fourier series representation of the acoustic pressure
time-history calculated from the fiow field solver?3—25,
The Fourier coefficients, a; and b, calculated by trapa-
zoidal rule integration, are given by:
oc
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where the SPL of the kth harmonic of the fundamental
frequency is given as:

2
SPL = 10log;, | (a2 — 83X\ 2Prey) (4)

A

The acoustic solution can then properly account for
the same non-linear effects in the near field as those
of the flow field solver. Using this approach, Korkan,
et. al.2*?% and White?® have reached good agreement
al.?627 for
the SR-3 propfan confizuration at a freestream Mach
Number of 0.80.

In the present study, the infiuence of grid spac-
ing, infiow /freestrearmn boundary conditions, and artifi-
cial damping of the Euler solver on the acoustic solu-

with the experimental data of Dittmar, et.
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Figure 1. Near Field Method Coordinate System.

tions of the near field have been examined by using three
different grids, two different sets of inflow/free-stream
boundary conditions, and four different damping val-
ues. Problems in generating the transonic flow field were
encountered in the studies previously mentioned?*~2%*
since the above parameters could not always be varied
independently while still obtaining a converged solution.

The near field solution is limited to points wel]
within the computational domain. Points near the in-
flow and outflow boundaries typically do not give good
results due to the coarse computational mesh spacing
in this region and/or reflective interference due to the
type of boundary conditions in the solution method.
In addition, acoustic information for points outside the
computational mesh must be calculated. Here, in the
acoustic far field, the data from the flow fleld solver can
be used to calculate the acoustic perturbation pressure
at a given observer location by applying Kirchhoff's the-
~-em in the integration of fiow field data on a contre’
cvlinder which encloses the shock wave system of the
propeller. Qutside of this corn'rol cvlinder, linear wave
propagation theory can be applied to obtain the solution
either in the time or frequency domain?®73°. It is im-
portant to note that the manner in which the data for
the flow field is obtained is not crucial and that both
methods could be adapted to any non-linear solution
method. Any solution scheme that accurately models
the flow field around the propeller, or even experimen-
tal flow measurements, may be used for both near and
far fleld methods using the present theoretical approach.

Effects of Azimuthal NMesh Spacing

In order to determine whethe: the guality of the
acoustic data generated by the flow solver can be im-
proved by modification of the computational mesh, the
high aspect ratio grid cells in the disk plane region be-
vond the propelier tip were smooihed. Further, the

number of grid points in the azimuthal blade to blade
direction has been increased from 11 to 21, and then
41 points. A finer mesh in the blade-to-blade direction
is expected to better resolve the shock wave structure,
produce finer detail in the acoustic time-history, and to
provide more data points for Fourier analysis in calcu-
lating frequency spectra.

In this study, the non-reflecting version of
NASPROP-E generated the flow fields, and the radial-
axial planes of the computational domain remained ap-
proximately the same. Radially, there were 12 stations
from the nacelle/spinner to the tip with the remaining
9 stations extending to the inflow boundary. Axially,
the first 14 stations are upsiream of the propeller, the
15th through the 30th represent the blade region from
the leading to the trailing edge, and the 31st to the 45th
are the aft or wake region of the mesh. The flow fields
for the grid comparison were generated using a Courant
number of 4.0 with implicit and explicit damping values
of 4.0 and 8.0, respectively.

The refinement of the mesh for this study involved
two phases. The first phase addressed the problem of
excessive grid point clustering in the acoustic near field
region in the propeller disk plane. This was an attempt
iv address grid dependence on the acoustic directivity
pattern as shown by White??. The second phase was 10
increase the azimuthal mesh spacing from 11 to 21 and
then to 41 computational points 10 see the effect of the
refinement on the acoustic pressure time history. This
was an attempt to address the more basic problem of
the time accuracy of the acoustic data and the ability
of the method to properly predict the harmonic content
of the acoustic signal.

In order to solve the problem of excessive grid
point clustering in the radial/axial planes of the grid,
a simple iterative smoothing scheme was used. Each
point in the domain that was not on a solid surface
was moved according to a weighted linear average of
the positions of its eight nearest neighbors in the same
radial/axial plane. The weighting factors controlled the
rates of smoothing in both the radial and axial direc-
tions. The desired result was to increase the mesh spac-
ing in the axial direction for the region in the disk plane
which is beyond the propeller blade tip as shown in Fig.
2. These results were obtained by setting the radial
smoothing rate to zero so that the expansion of the grid
would occur in the axial direction only. Although the
flow fields generated in the smoothed domain still show
the effects of grid dependence, the radial/axial grid re-
finement results in a more realistic directivity pattern
as shown in Fig. 3.

In order to evaluate the effects of azimuthal grid re-
finement, flow fields were generated using grids with 11,
21, 2nd 41 azimuthal planes. With the exception of the
pressure time history at the location J=12, K=14, sig-
nificant differences appear in the acoustic pressure time
histories as the number of azimuthal grid points is in-
creased from 11 to 21 points for the two radial stations
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An additional effect of azimuthal grid refinement
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was a loss of stability in the solution of the propeller
flow field. It was determined that as the number of grid
points increase, the amount of dispersive waves in the
Mach contours also increases. This result is expected
since the effect of the damping is proportional to the lo-
cal time step for a fixed CFL number. Therefore, as the
mesh spacing decreases, the effect of the damping also
decreases. However, this problem is not as important as
the distribution of grid points since the damping values
can be adjusted globally. The more difficult problem
is adjusting the grid so the solution scheme properly
models the physics of the flow in the largest continuous
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Figure 2. Smoothied Azimuthal Crid Plane for Near Ficld.

region possible.

\__/ The critical point is that the region of interest

for performance calculations, the task which the Eu-

4 ler solvers are intended for, is almost entirely within

the propeller disk and the propeller wake immediately

» downstream of the propeller. The region of interest for
near field acoustics is significantly larger than the pro-

peller radius and also includes the regions upstream and

downstream of the propeller. Although proper appli-

cation of the far field method may reduce the size of

. the computational region needed for accurate near field

acoustic treatment, it is likely that the major limitation

of this method may be the product of near field grid
Figure 3. OASPL Directivity Pattern for Smoothed Grid. spacing rather than boundary condition refiections or
non-uniform damping.
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nearest the blade tip (K=14 and 16). The additiona: " 3000
resolution in the pressure time-histories is shown in the
increase in detail and the appearance of additional fea-
tures in the pressure and suction peaks as seen in Fig.
4. For the two radial stations further from the blade tip
corresponding to K=18 and K=20, the greatest change
still occurs as the azimuthal points are increased {from
11 to 21, however the acoustic waveforms generated in
2ll three grids are similar than those occurring near the
n-aneller.
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For all points used in the acoustic calcuiations, the

similarities between the 21 and 41 point results are also
evident in the first three harmonics of the {requency

spectra as seen in Fig. 5. Problems are encountered in "°‘°§_wo’o‘ T e aoe | o4e00 | 0.6000 | 0.£000 10000
predicting the higher harmonics of the acoustic signal. ~ TIME (mSEC)

Although the azimuthal mesh spacing for the 41 point

grid is very fine for performance calculations, a 41 point Figure 4. Acoustic Pressure Time-Histories for Three Grids.
acoustic pressure time history is still considered to be r/Rtip = 1.08 z/Rtip = 0.25

very coarse. The highest harmonic that can be caleu-

lated from a data set of N data points is less than or . .
equal to N/2. Note that for the 11 point grid only the Effects of Boundary Condition Reflection

ACOUSTIC PRESSURE (kPa)
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first 5 harmonics are shown in the frequency spectra. The study of inflow and outflow boundary con-
The limiting values for the 21 and 41 point waveforms ditions for a flow field solution involves the means by
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which the freestream conditions in a fiuid of infinite
extent are modelled in a limited computational do-
main. Computational time and memory space limita-
tions make it impractical to use a large grid extend-
ing far from the region of interest around the propeller.
The two methods used to resolve the problem of limited
space are either 10 transform the infinite physical space
into a finite computational space, or to enforce flow con-
ditions at a computational boundary at some finite dis-
tance which is an approximation of the conditions that
would result from having an infinite computational do-
main. For the solution of the potential equation, the
coordinate transformation technique is most commonly
used. However in the solution of the Euler equations,
the mapping method is not as easily applied. As a re-
sult, most Euler solvers use the approximation method
for a finite domain.

The effects of two different approximation meth-
ods are seen in the present study. Both versions of
NASPROP-E solve the Euler equations in a “conical”
curvilinear coordinate system. The conical segment of
the outer surface of the mesh constitutes the inflow
boundary, and the base of the cone downsiream of the
propeller is the outflow boundary. Since the nacelle
is axisvmmetric and the disk plane is normal io the
{reestream, the flow field is assumed periodic between
any two adjacent blades. Therefore, only one “slice™ be-
tween two blades need be solved, and the periodic sur-
face defines the boundaries of the slice. The reflecting
version of NASPROP-E uses constant freestream condi-
tions for the inflow boundary. This means the fiow vari-
ables at the boundary are initialized 1o freestream con-
ditions and remain unchanged for all subsequent time
steps, since the main jteration scheme never updates the
points on the inflow surface. The non-reflecting version
calculates the inflow variables by using Riemann invai.-
ants to obtain the local speed of sound and the veloc-
11y component normal to the boundary. The tangern-

tial velocity component and the entropy toggle between
{freestream values for velocity influx at the boundary and
values extrapolated from the interior for velocity effux
at the boundary. Both versions solve implicitly the peri-
odic system of equations for the periodic boundary, and
a simplified version of the radial equilibrium equation
is used to obtain the radial pressure gradient which is
integrated using trapezoidal rule from the outer edge to
the nacelle.

The significance of the comparison of the two ap-
proaches is that the boundaries solved using the fixed
static pressure are more reflective than the boundaries
solved by Riemann invariants. To effectively use Euler
analysis to obtain acoustic data, the refiectiveness of the
inflow /outflow boundary should be minimized since ex-
cessive numerical reflection is likely to contaminate the
acoustic solution in both the near and far field.

The acoustic data was calculated for the eight-
blade SR-3 propeller with a blade angle of 37.90° and an
advance ratio of 3.06 in an attempt to reproduce the ex-

2627 The freestream

perimental conditions of Dittmar
Mach number used for all calculations was 0.80. For
regions near the blade tip corresponding to K=14 and
16, the effect of boundary conditions cannot be seen on
either the pressure time histories or the frequency spec-
tra. For the next radial location away from the blade
which has a K value of 18, the effect of the change in
boundary conditions begins to become apparent in the
pressure time-histories, but not in the {requency spec-
tra. The last radial station (K=20) is directly adjacent
to the inflow /freesiream boundary and it is here that the
effects of the reflecting/non-refiecting boundary condi-
tion(s) becomes most apparent as shown in Fig. 6. The
change from reflective 10 non-reflective boundary condi-
tions manifests itself as a decrease in the amplitude of
the acoustic waveform at a given point near the bound-
ary of the computational domain. This is expected since
the reflecting boundary conditions are analogous to a
solid wall boundary with fixed {freestream conditions.
One should also note that the greatest change in the
zcoustic waveform resulting from the differing bornc-
ary conditions is greater in the downstream direction.
This effect may be partially due to the proximity of the
ouifiow boundary.

When this method was first developed, it was
believed that reflections resulting from the external
boundary conditions would be a large source of error in
the acoustic analysis. The results of the present study
show that this is not the case. Compared to the effects
of grid spacing and numerical damping, the effects of
boundary reflections are extremely small and appear to
be restricted to the coarse regions in the grid that are far
from the propeller to be expected 1o yield good acoustic
daza.

Effects of Artificial Viscosity

In the solution scheme used to obtain the pro-
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peller flowfields, the 2nd and 4th order smoothing co-
efficients must be specified by the user and must be
chosen such that transient oscillations and dispersive
waves will not be amplified as the time stepping scheme
progresses. Since flowfield solutions obtained using dii-
ferent amounts of smoothing can exhibit different flow
behavior, it is important to know how these differences
affect the predicied acoustic signature. The damp-
ing comparison matrix used the 43-21-21 smoothed
grid, non-refiecting inflow boundary conditions, and a
Courant number of 4.0 for all cases. Originally, three
fiowfields were generated with explicit/implicit damp-
ing factors of 8.00/16.00, 4.00/8.00, and 2.00/4.00. It
was later found that the two larger damping cases were
still too highly damped in the region used for the acous-
tic calculations. An attempt was made to find the so-
lution scheme stability limit for low damping for the
given grid, Courant number and propeller operating
conditions. Additional cases were run for damping of
1.50/3.00 and 1.75/3.50 in which the lower damping
case failed to converge.The remaining four flow solu-
tions were used to generate the acoustic data presented
in the damping comparison.

The effect of the variation of damping on the acous-
tic solution appears to have z strong dependence on the
observer location in the computational domain. For the
radial station closest to the propeller disk, i.e. K=14,
phase shifts in the pressure time histories can be ob-
served in the upstream station (J=12). For the observer
point directly off the blade tip whichis K=14, J=24, the
expected result of decreased damping is apparent. The
bottom of the suc.ion peak is sharper. the compression
wave is steeper and higher, and some oscillation can be
seen after the pressure peak in the two lowest damping
cases as shown in Fig. 7. For the point downstream of
the blade 1ip (K=14, J=36). the suciion peak is sharper
for the lower damping cases. However. the compres-
sion wave is steeper and higher for the higher damping

ACOUSTIC PRESSURE (kPo)

cases. For each of the three axial stations shown for
K =14, the frequency spectra show the expected increase
in the magnitude of the higher harmonics with decreas-
ing damping as given in Fig. 8. For the next radial
station away from the tip, the most significant trend
that can be seen in the acoustic pressure time histories
is the forward phase shift with decreasing damping. For
the 8.00/16.00 damping solution at K=16, J=12, it is
difficult at first to determine if it is phase shifted {forward
or backward. Given the magnitude of the apparent shift
of the 4.00/8.00 solution at the same point, the conclu-
sion is that the 8.00/16.00 waveform has shified back-
ward sufficiently far that the pressure peak has been
shifted through the periodic boundary. The increase in
the magnitude of the higher harmonics resulting from
lower damping are still apparent at K=16, although the
increase is not as great as shown at K=14. For the two
radial stations furthest from the tip (K=18 and K=20),
the phase shift phenomena is still apparent. In addition,
the amplitude of the acoustic waves is decreasing with
the level of damping. The frequency spectra from these
locations also show 2 decrease in SPL for the fundamen-
tal and higher harmonics with decreasing damping.
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Figure 7. Acoustic Pressure Timne-Histories for Different

Damping Values. r/Rtip = 1.08 z/Rtip = 0.25

Since the areas f{ar from the blade have greater
mesh spacing than the region near the blade tip, and
the local damping is scaled to the local time step size,
the effect of the damping increases as the observer moves
away from the blade radially. It is seen from the acous-
tic pressure time histories, that the effect of this scal-
ing is to overdamp most of the region used in acoustic
calculations. However from the Mach contours on the
propeller surface at K=11, it is apparent that there is
insufficient damping in the lower damping cases as seen
in Figs. 9-12. The dilemma the user faces is that the op-
timum damping for acoustic anal- ses is not necessarily
the best damping for flowfield anaiyses on the propelier



blade surfaces.

The incompatibility of the damping values is di-
rectly related to the problem of proper distribution of
grid points. If the grid points were more equally spaced,
the variation of the scaling of the damping would not be
as great. Then the minimum damping required to elim-
inate dispersive waves in the solution would produce the
best results in both the blade surface and acoustic re-
gions of the flow field. A more expedient solution may

be to modify the scaling of the damping coefficients to
reduce their effect on the coarse regions of the mesh, but
this approach would add complexity to the flow field so-
lution scheme and may cause problems with obtaining
a unique solution if the scaling of the damping must be
user specified. Generally, the number of user defined
parameters not directly related to the physical condi-
tions to be modelled should be minimized. In the near . .
field method those parameters are the damping factors, Figure 10. ISOMME Contours for 2.00/4.00 Dawmping.
z/Rtip = 0.98

Courant number, and the grid. In the far field method,

the radius of the contro} cylinder used for the surface

integration is the primary user specified parameter that

could affect the acoustic solution.
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Determination of Far Field Acoustics

The far field as defined here, include those areas
outside the computational domain of the three dimen-
sional flow field solver which include all non-linear be-
havior such as shock waves and steep gradients. A com-
plete understanding of far field acoustics will lead to
better predictions of aircraft takeofl noise, sideline noise,
and flyover noise resulting from propellers.

Modern methods of solving the problem of high
speed propeller acoustics have been based on Lighthill’s
acoustic analogy!. A common form of Lighthill's acous-
“tic analogy is that developed by Ffowes Williams and
Hawkings®:
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where the three terms on the right hand side of Equa-
tion {5) are the thickness, loading, and quadrupole noise
sources, respectively. When applying Lighthill’s anal-
ogy, problems are encountered with the specification
of the quadrupole field and determination of its ef-
fects on acoustic characteristics. It is unlikely that the

quadrupole term can be approximated independently of
the acoustic field that it generates.

In linear theory, the quadrupole term is neglected.
Difficulty arises with Equation (3) in that sonically ro-
taiing sources can lead to singularities in the acoustic
waveform. Thus it makes it difficult to evaluate the
guadropole term in the time domain. Alternate meth-
ods have been developed that yield the acoustic far field
from near field information without a direct evaluation
of the quadrupole field.

Previously, the approach has been to uss a method
proposed by Hawkings?®. The Hawking's approach uses
Kirchofi's theorem applied to a nonrotating system such
as a helicopter main rotor blade. The acoustic pressure
can be obtained at any far field location by applying
the method to near field acoustic information on the
control surface. This includes the total pressure and its
spatial derivatives obtained numencaliy from a three
dimensional flow field solver. The method is described
by the following equation:

o f)~:_1//l3_‘1’, 1 0R0% _ @ OR]
T 4x JJ\ROn  a,ROn & R*On ), ¢

et

(6)

A cylinder, concentric with the axis of the engine,
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is used as the nonrotating control surface. The control
surface also includes two disks 2t each end of the cylin-
der. The radius of the control surface, b, must be large
enough to enclose all of the non-linear phenomena such
as shock waves and/or steep gradients associated with
the rotating system. This assumes then that the linear

wave equation can be applied outside the domain of the
control cylinder. The control cylinder can not be made
to large since the numerical solutions lose accuracy due
to lack of resolution far from the blade tip.

Hawkings notes that the last term in Equation (6)
is & near field term and can be dropped in the far field. If
cylindrical coordinates, concentric with C, are adopted
as shown in Fig. 13, Equation (6) becomes:

b 0P QORGP
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With this Equation, the acoustic pressure at far
field locations can be determined in the time domain. It

| O8SERVER

Figure 13. Control Cylinder Coordinnte System.

was found that the method. when evaluated in the time
domain, required a relatively fine grid in order that the
spatial derivatives of the pressures on the control sur-
face can be resolved. Hawkings further developed his
method to express the acoustic pressure as a harmonic
series in the frequency domain by transforming Equa-
tion (6) with a Fast Fourier Transform (FFT). This re-

sults in

®(1) = N Crexp{—imQt = Roja, — v} (8)
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OVERALL SOUND PRESSURE LEVEL(d8B)

The Fourier coefficient of $(z,v — f17) with respect to
(v = Qr)is $,,(z) and is defined by,

&(z,9 - r) = f & (z)em¥-07) (9)

Sound pressure level can then be obtained at dif-
ferent harmonic numbers. Overall sound pressure level
can be determined at different radial distances which
will result in the characteristic “roll off” as shown in
Fig. 14.

If the propeller configuration is at an angle of at-
tack of zero, a flow field solver can simplify the problem
of creating a three dimensional flow field by determin-
ing the pressure field between two blades and assum-
ing periodicity. The pressure and the time and normal
derivatives of the pressure are periodic over the surface,
therefore only the acoustic pressure between two blades
is used to determine the full three dimensional aerody-
namic near field. The far field acoustic pressure depends
on the total contribution from the entire cylinder and
the two disks. The distances from each blade to the
far field observation point will be different at a fixed
observer time.

180.00 ~
ig
160.00 3
140.00 3
120.00 3
100.00 4
3
e R S e I —
0.00 5.00 10.00 15.00 20.00 25.00
RMIC/RBLADE

Fignre 14. Overall Sound Pressure Level v.s. Ratio of
Observer to Blade Distance.

Hawkings developed his method for helicopter
main rotor blades that are stationary or tiranslating
at low speeds. It was found that Hawking’s method
did not adequately predict the far field acoustics result-
ing from high speed propellers translating at transonic
Mach numbers.
vestigated, is to apply 2 method outlined by Farrasat
and Myers®®. Using generalized functions, Farassat and

A new approach presently being in-

Myers developed a general version of Hawking’s method
for control surfaces which are in motion with respect to
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the ambient fluid. This method will account for the ef-
fects of forward motion as well as the non-linear effects
that are evident in the near field computational solu-
tion. This method should then be applicable to high
speed propellers operating at transonic Mach numbers
such as the NASA SR series. The solution is expressed
by the following equation:
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Equation (10) can be further simplified by assum-
ing a rigid control surface and a zero angle-of-attack for
the engine. Since the engine is not accelerating, the
time derivatives of the mach number components, M.
M., and the surface normal components, nas,n. will all
be zerc. The normal component of Mach number, M,
will be zero on the cylinder surface and equal 1o the
Mach number on the disks. The tangential component
of Mach number, A, will be zero on the disks and equal
to the Mach number on the cyvlinder. This resulisin the
{oliowing:
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In Hawking’s approach it was shown that Equation
(6) could be evaluated directly in the frequency domain
by transforming the Equation by utilization of the FFT.
Since the complexity of the Farassat and Myer’s ap-
proach makes it impractical to transform Equation (10)
with an FFT, the equation will be evaluated numen-
cally in the time domain. This will reveal the acoustic
characteristics of the propeller system at different times
between each blade passage. Then an FFT will be ap-
plied to the results to obtain the sound pressure level in
the frequency domain.

The Bawking’s method has been programmed to
provide results in the time domain. Results will be
compared to those obtained for the frequency domain.
The Farassat and Myer’s equation has also been pro-
grammed to provide results in the time domain. The
results will then be compared to the time and frequency
results obtained from the Hawking’s method.

The accuracy of applying Kirchhoff’s formula to
an acoustic {ar field problem can be tested by placing a
single point source within the control cylinder instead
of a propeller as shown in fig. 15. This source would
supply the local acoustic pressure and its time and nor-
mal derivatives on the surface. This in turn would
be the near field information needed for the Kirchoff’s
formulation.’?

Each method will be evaluated with and without
the 1/R? term present in Equations 6 and 10. Results
obtained by using different contro! cylinder radii will
also be compared to determine the relationship between
control surface size and accuracy in the far field. Both
methods will be used in conjunction with several three
dimensional flow field solvers such as those developed by
Bober et al.?!??, Celestina et al.*? and Denton®®. The
results from both methods will be compared 1o experi-
mental data obtained from the SR-3 and UDF propeller
configurations when made available.
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Figure 15, A Poiut Source Iuside Control Volurae.

Summary

A method of predicting acoustic data from the
non-linear flow field generated by an Euler solver has
been demonstrated. A variety of different computa-
tional conditions were employed to test the limitations
of the Euler solution method(s) and demonstrate how
these limitations reflect on the quality of results of the
acoustic calculations in the near field. It was shown
that the effects of mesh spacing has a significant eflect
on the Euler solution which is manifested in the acoustic
pressure time-histories and frequency spectra predicted
in the near field. It has also been shown that reduc-
ing the reflectiveness of the boundaries used to simulate
free stream conditions slightly reduced the noise levels
predicted in the near field. In addition the effects of nu-
merical damping on the solutions of the flow field and

. predictions of the acoustic near field showed that it was

possible to distort the acoustic pressure time history by
excessive numerical dissipation in the regions of the do-
main that are far from the blade.

The numerical dissipation caused unexpected
phase shifts in the pressure time histories as well as
spurious waves resulting from the scaling of the local
damping coefficients to the local time step size. This
problem is related to the non-uniform spacing of grid
points in the computational domain and can be resolved
by using either a more adaptable distribution of artifi-
cial viscosity or a more uniform mesh. The results of
this study show that boundary reflections do not pose
serious problems in the use of the Euler solution for
acoustic analyvsis. The reflected waves were extremely
small in amplitude and were restricted to the outermost
segment of the grid, which would not typically be used
for practical acoustic analysis.

The most significant problem in the use of this
method is the generation of the computational mesh
used in the flowfield analysis. First. the true geometry
of the SR-3 propeller during actual operation has not
been accurately determined. The SR-3 undergoes dy-
namic untwist under centrifugal and aerodvnamic load-
ing. However, the geometry must be known to obtain
the aerodvnamic loads, but the structural loading must
be known to obtain the propeller geometry. In this
study the blade was pitched as a rigid body so that
the 73 % radial station was untwisted by 3.4° {from the
unloaded blade angle of 61.3°. It is believed that the
tip region geometry will be close 10 the experimental
data, but the region near the hub becomes negatively
loaded using this approach. Second, the distribution of
grid points in the azimuthal planes must be optimized
further. The grid smoothing routine only partaliy al-
leviates the distortion of the acoustic field due 1o grid
point clustering in the acoustic near fleld. It may be
necessary to add more radial stations bevond the blade
tip, while keeping the freestream boundary in the same
location relative to the blade. Third, the grid resolution
direction still may be insufficient to obiain good acous-
tic data for the higher harmonics of the blade passing



{requency.

In conclusion, the method used in this study is
more efficient than solutions of the Ffowcs-Williams
Hawkings equation if acoustic data is needed for a large
number of near and far field observer locations. The
present solution method may be improved by using flow
data generated by a different flow field solver which
is currently under study as is the far field method®*.
Previous comparisons?® of the present acoustic method
with overall experimental acoustic data of the SR-
3 propfan have yielded acceptable results. However,
present efforts are needed which will provide greater
acoustic detail such as more refined near field acoustic
time histories and frequency spectra.
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