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that accounts for the variation of u? in the streamwise direc-
tion for the corresponding product. However, these two
models are notably limited in comparison with the Hanjalic-
Launder model, which accounts for variations of the shear
stress in both directions in addition to the u? variations. It
should, however, be noted that all the models would produce
similar results in an isotropic turbulence flowfield. o

The model of Cormack et al. was evaluated only for vvv
and uvv since the values computed for uuv using its original
form were not high enough to estimate the factor C, within
a reasonable range (see Fig. 2). Otherwise, the values of C,
derived using the model of Cormack et al. were the lowest,
indicating that this model gives the best agreement with ex-
periments when used in its original form.

Conclusions

1) The triple-velocity products need to be predicted ac-
curately in the reattaching shear layer in order to evaluate
appropriately the diffusion process of the Reynolds stress.
The behavior of the triple-velocity products in such a com-
plex turbulent flow is different from that in simpler flows.

2) All the existing algebraic models for the triple-velocity
products underpredict the levels of w;u;u, in the reattaching
shear layer. The predicted levels can easily be improved by
using a correction factor.

3) With the exception of the model of Hanjalic-Launder,
all models cannot be improved simply by employing a single
value for C,. Thus, it is difficult to obtain a unique value
for the correction factor. This is because the Hanjalic-
Launder model is the only one that includes the generation
terms due to Reynolds stresses.

Finally, it was observed that none of the above models ac-
curately predict the overall levels of the triple-velocity prod-
ucts, primarily because the convection effect of the triple-
velocity products is never considered at all. This effect may
be small in simple shear layers but is significantly large when
the shear layer reattaches on a solid wall, creating high tur-
bulence energy near the wall and, subsequently, these high
levels are transported in the downstream direction. In conse-
quence, a transport model for u,u;u, that takes this process
into account must be developed and tested for complex tur-
bulent flows.
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Numerical Evaluation of Propeller
Noise Including Nonlinear Effects

K. D. Korkan* and E. von Lavantet}
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and
L. J. Bobert
NASA Lewis Research Center, Cleveland, Ohio

Introduction

HE continued pressure on aircraft manufacturers by com-

munities and regulatory agencies to reduce noise levels re-
quires a thorough analysis of the characteristics of the acoustic
field induced by the propulsion unit. To this end, the accurate
determination of noise levels generated specifically by pro-
pellers has been the subject of numerous experimental and
theoretical studies. Recent studies have utilized the Ffowcs
Williams-Hawkings formulation,! an extension of Lighthill’s
theory,?? to make significant contributions to the theory and
numerical computation of helicopter rotor and propeller
noise.* However, the linear character of the present acoustic
calculations still does not account for the quadrupole noise
term, but does give reasonable correspondence with experi-
ment up to transonic tip speeds. In the present study, the pro-
peller noise in the acoustic near field is determined by integra-
tion of the pressure-time history in the tangential direction of
a numerically generated flowfield about the SR-3 propfan, in-
cluding the shock wave system in the vicinity of the propeller
tip. As a result, the quadrupole source terms are accounted for
in the present acoustic analysis, which yields overall sound
pressure levels and the associated frequency spectra as a func-
tion of observer location.

Prediction of the Transonic Flowfield

The propfan configuration used in this analysis is an eight-
blade SR-3 series propeller with a radius of 12.25 in. and blade
angle at three-quarter radius of 61.3 deg. The analysis was ap-
plied to this configuration operating at several different
freestream Mach numbers. The helical tip Mach numbers, ad-
vance ratios, rotational velocities, and power coefficients are
shown in Table 1.

The transonic flowfield around the SR-3 propeller and ax-
isymmetric spinner/nacelle configuration was computed us-
ing the NASPROP-E computer code developed by Bober et
al.> The governing three-dimensional Euler equations are
formulated in weak conservation law form, subject to
transformation into body-fitted general coordinates. These
equations correctly describe most of the physical phenom-
ena, including nonlinear effects such as the propeller tip
shock wave system. The equations were solved in the blade-
to-blade physical domain using an implicit finite difference
approximate factorization scheme. Since central differencing
was applied, it was necessary to add numerical damping to
assure stable time marching. It is assumed that the periodic-
ity of the flow limits the size of the computational domain to
the region between two adjacent blades. Typically, the solu-
tion method used 45 points in the axial direction, 21 points
in the radial direction, and 11 points in the circumferential
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direction. A segment of the grid in the axial-radial plane is
shown in Fig. 1. The program provides results in terms of
density p, pressure P, axial, tangential, and radial velocities,
and total specific energy at each node point in the computa-
tional grid.

Near-Field Noise Evaluation

The overall sound pressure level (OASPL) within the near
field was calculated in the present analysis by noting that a
stationary observer at any point in the flowfield would ex-
perience pressure fluctuations with respect to time as each
point along a coordinate line in the circumferential direction
from blade to blade passed through the observer location.

J=25
K=19
K=18
Fig. 1 Near-field grid in
radial-axial plane.
K=16
Ka14

Table 1 Operating conditions®

Case no. rpm M, My C

p

1 5,443 0.50 0.71 1.96
2 6,573 0.60 0.86 1.91
3 7,072 0.65 0.93 1.91
4 7,550 0.70 1.00 1.89
5 8,039 0.75 1.08 1.79
6 8,495 0.80 1.14 1.71
7 8,933 0.85 1.21 1.53
8 9,500 0.90 1.29 —

3For all operating conditions, J=3.06, B3, =61.3 deg, R=12.25 in.
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The transformation to the time domain was made using the
relation, Ar=¢/w, where o is the rotational speed in ra-
dians/second, ¢ the circumferential angle in radians between
two points, and A¢ the time interval between passage of the
two points located between the propeller blades. The calcula-
tion of OASPL now involves the pressure distribution be-
tween two periodic boundary surfaces, which correspond to
a time period, AT=2II/Nw, where N is the number of
blades. The OASPL at a point in the flowfield can then be
determined from the expression,

_ P?ms
OASPL =10 logy | —5 )

ref
where P, =20pPa and

1 T2
2
Prms_ (TZ—TI)STIPZ(t)dt (2)

with (7, — T,)> AT. This analysis can be carried out at each
point in the axial-radial plane once the total flowfield has
been specified and can provide a OASPL map for the entire
physical domain of the flowfield.

Specific information about the SPL at harmonics of the
blade passing frequency was obtained by means of a Fourier
analysis. The pressure-time history was represented by a
Fourier series, where the acoustic pressure P can be ex-
pressed as P;—a,/2, where q, is the first Fourier coefficent.
When the integral equation for P2 is evaluated, the cross-
product terms in the Fourier series vanish and Eq. (2) is writ-
ten as

P%mszl/zz (a%"'b%) 3)
k=1
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Fig. 2 Calculated pressure-time history and spectral content at
2.703Ry, for helical tip Mach number of 1.21.
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Fig. 3 Variaiion of OASPL with helical tip Mach number at J =25
(disk plane) at four radial locations.

Table 2 Comparison of predicted SPL levels with
experimental data from Dittmar et al.%”

Helical tip Position 22 Postion 5°
Mach number Experiment Prediction Experiment Prediction

0.863 129.4 130 133.8 136.4
1.00 140.7 138.5 141.2 141.9
1.07 141.8 141 143.9 143.9
1.14 138.7 144 143.2 148.1
1.21 139.4 145 143.5 149.8

3r=3.93Rg,. Pr=2.95Ry,.

and the SPL of the kth harmonic of the blade passing fre-
quency is expressed as

SPLk=10 IOgIO[(a%'i—b%)/(\/—z_Pref)]z (4)

Results and Discussion

The analysis procedure outlined above was applied to the
eight cases shown in Table 1 for four points in the near field
as indicated in Fig. 1. It may be noted that all of the points
are located in the high-resolution area of the computational
grid system, since the relatively coarse grid outside of this
region yielded highly unreliable results in terms of OASPL.
Likewise, the OASPL results at points located far from the
propeller blade were not acceptable due to the relatively large
influence of the numerical damping and boundary
conditions.

Applying this method to the radial location of 1.82R;, for
a helical tip Mach number of 1.21, the calculated acoustic
pressure-time history and spectral content is shown in Fig. 2.
As noted, the acoustic time history is well behaved and the
spectral content shows the proper decrease as the harmonic
number increases. The OASPL, as calculated by this
method, is shown in Fig. 3 as a function of helical tip Mach
number and radial location at a fixed axial position in the
propeller disk plane. As noted in Table 2, the theoretical
predicted OASPL values compare well with the experimental
noise quantities of Dittmar et al.®” up to a helical tip Mach
number of 1.07 at two microphone locations in the acoustic
field of the propeller disk plane. It is postulated that very
close to the propeller blade tip (K=14, r=1.08R;), the
OASPL values first show a linear increase with helical tip
Mach number, followed by a constant OASPL value. The in-
fluence of the shock wave system in the vicinity of the blade
tip (K=16, 18; r=1.81, 3.95R,;,) then becomes more pro-
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nounced, resulting in a sharp increase of the OASPL at a
helical tip Mach number of approximately 1.1. As the point
of calculation moves farther away from the blade tip, the in-
fluence of the shock wave system decreases where at
r=35.57TRy, (K=19), the OASPL curve shows the typical
linear dependence on helical tip Mach number followed by a
constant OASPL value.

Conclusions

The acoustic calculation method in this Note has been
shown to be useful in the determination of acoustic near-
field sound pressure level and frequency spectra for a range
of operating conditions of the SR-3 propfan, yielding values
that are comparable to experiment. Several areas have been
suggested in which further study is needed and are currently
under investigation. These include the effect of numerical
damping, dependence of the acoustic values on the computa-
tional grid, and determination of the far-field acoustic
characteristics.
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Constraints of the Structural
Modal Synthesis
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Structural Modal Synthesis

HE modal synthesis method has been a most active

topic in structural dynamics since publication of Hurty’s
original paper.! In this method, a complex structure is
treated as an assemblage of components, and modes of the
structure are approximated by synthesizing component
modes. To ensure that the components will act as a single
structure, the geometric compatibility and/or force
equilibrium conditions are imposed on the component inter-
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