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A METHOD FOR CALCULATING STRUT AND SPLITTER PLATE
NOISE IN EXIT DUCTS -~ THEORY AND VERIFICATION

Martin R. Fink
United Technologies Research Center

SUMMARY

Portions of a four-year analytical and experimental investigation
relative to noise radiation from engine internal components in turbulent flow
are summarized. Spectra measured for such airfoils over a range of thickness
ratio, flow velocity, and turbulence level are compared with predictions made
by an available rigorous thin-airfoil analytical method. This analysis
includes the effects of flow compressibility and source noncompactness.
Generally good agreement is obtained.

This noise calculation method for isolated airfoils in turbulent flow is
combined with a method for calculating transmission of sound through a sub-
sonic exit duct and with an empirical far-field directivity shape. These
three elements were checked separately and were individually shown to give
close agreehent with data. This combination provides a method for predicting
engine internally generated aft-radiated noise from radial struts and
stators, and annular splitter rings. A FORTRAN program listing and users
guide is included for the resulting digital computer program. Calculated
sound power spectra, directivity, and acoustic pressure spectra/are compared
with the best available data. These data were for noise caused by a fan exit
duct annular splitter ring, large-chord stators blades, and turbine exit
struts. However, the lack of turbulence intensity and scale length measure-
ments for these flow ducts prevented an absolute validation of the prediction
method.



SYMBOLS

a Speed of sound, m/sec
b Airfoil or strut span, m
c Airfoil, strut, or splitter ring chord, m
£ Frequency, Hz
M Free stream Mach number, U/a
My Nozzle exit Mach number
Sé Mean square acoustic pressure (N/m2)2
Pref Reference acoustic preésure, 2 x 107 N/m2
P Acoustic power, W
T Far field radius, m
Tie Airfoil leading edge radius
R Acoustic pressure reflection coefficient
Sg Sears function for 1lift force
U Streamwise mean velocity, m/sec .
V2 ' Mean sduare velocity fluctuation normal to airfoil (m/sec)2
al Acoustic pressure transmission coefficient
P Air density, kg/m3
A Turbulence streamwise integral scale length, m
o Spectral density of lift force fluctuation, N°/Hz
dp Spectral densiﬁy of acoustic pressure, (N/m?)2/Hz
¢T Spectral density of turbulence-produced incidence fluctuation,
radz/Hz
(7] ‘ Direqtion angle measured from nozzle upstream centerline, deg



INTRODUCTION

Noise generated by solid bodies in the presence of engine airflow can
determine the inherent minimum noise of installed aircraft engines. For
example, struts necessary for structural support of the engine and splitters
are likely to be immersed in high-velocity turbulent engine airflows.
Acoustically treated splitters within the engine inlet and exhaust ducts can
attenuate turbomachinery noise but produce noise at their outer edges. Turbo-
fan stator blades are subjected to fluctuating wakes produced by the fan
rotor blades. In all these cases, a solid surface of finite extent is
scrubbed by turbulent airflow.

Experimental evaluation of methods for predicting noise generated by
these surfaces has been conducted during the past four years under Contract
NAS3-17863. The -portions of this investigation which apply to strut, stator,
.and splitter plate noise are summarized in this final report. Noise calcula-
tions are compared with NASA and UTRC data for isolated airfoil-shaped struts
in turbulent flow. Extension of that calculation'procedure to include sound.
transmission through a subsonic exhaust nozzle and radiation to the far field
had not been given elsewhere and is developed herein. A digital computer
program is presented for calculating noise -generated by hard-wall struts,
stator vanes, and splitter rings in fan exit ducts and radiated out the ex-
haust nozzle to the far field. Calculated results are compared with the best
applicable acoustic data obtained by NASA Lewis Research Center for full-
scale fan stator and 'duct splitter installations and by NGTE for cold-flow
tests of noise produced by model turbine exit struts.

‘Work conducted under this Contract was reported in three annual techni-
cal reports (references I through 3). An additional final report (reference
L) contains the application of this study of noise components to prediction
of externally blown flap noise. Some of the material contained in these
reports has also been presented as papers at professional-society meetings
and published in journals and books. A complete list of publications pre-
pared under this Contract, and of publications based on direct outgrowths of
work conducted under this Contract, is presented in APPENDIX A to this
report.

Editorial review of this Contractor Report was performed at NASA Lewis
Research Center and by colleagues within UTRC, to assure clarity of ideas
expressed and correct evaluation of data.



EVALUATION COF NOISE PREDICTION METHOD FOR ISOLATED AIRFOILS

Development of Noise Prediction Method

When the work conducted under this Contract was begun, there were
several analytical methods and empirical procedures available for predicting
noise radiated by an airfoil in turbulent flow. It was recognized that tur-
bulence would produce fluctuations of airfoil surface pressures and lift
force. These force fluctuations would generate noise. A small, acoustically
compact airfoil would generate 1ift dipole noise that could, in principle, be
calculated from the force fluctuations predicted for incompressible flow.
This approach had previously been shown in reference 5 to give reasonable
predictions of measured noise radiation for a small airfoil at low frequen-
cies. However, noise measured at high frequencies was significantly over-
predicted. Some procedure to account for flow compressibility and acoustic
noncompactness effectswould have to be included in the analysis.

_ Measurements were obtained under this Contract of surface pressure
fluctuations on, and noise radiation from, a 46 cm (18 in.) chord airfoil in
turbulent flow. The uniform turbulent flow, at five airspeeds and two tur-
bulence levels, was produced by grids within the nozzle of the United
Technologies Research Center (UTRC) acoustic wind tunnel (reference 6). Data
and comparisons with predictions were published in references 1 and 7. It
was found that of several theories then available for predicting the fluctu-
ations of surface pressure on airfoils in three-dimensional turbulence, the
analysis developed by Filotas in reference 8 gave closest agreement with
data. As with the acoustic data given in reference 5, far-field noise was
correctly predicted at low frequencies and overpredicted at high frequencies.
A qualitative analysis of incidence fluctuation noise, including a term to
account for acoustic noncompactness, had been developed by Hayden in refer-
ence 9. This analytical expression contained a physical length factor but
gave no method for calculating this length from the airfoil chord or span.

It was shown in references 1 and 7 that if this length was taken as half of
the chord, the resulting predicted spectra agreed with the data g_ven in
references 1 and 5.

Acoustic tests were later conducted at NASA Lewis Research Center on
thin airfoil models having a large range of chord. These data eventually
were published in reference 10 but were available for evaluation of predic-
tions at an earlier date. The analytical method developed by the above
approach predicted the spectra measured with the smaller models but was in
poor agreement with data for airfoils with larger chord. It was recognized
that an improved, more rigorous analytical method was needed.



The analytical method developed by Amiet in references 11 and 12 was
not developed under this Contract. However, the impetus for that analysis
was to some extent an outgrowth of the above evaluation of noise prediction
methods. This new method includes a highly rigorous solution for the induced
preséure fluctuation on a thin airfoil in compressible subsonic flow with
known three-dimensional turbulence. Acoustic noncompactness, in the sense
of phase cancellation of sound waves arriving at the same far-field point
from different chordwise and spanwise positions, is calculated in detail.
There are no empirical constants in the analysis. It was shown in reference
11 that the data ‘of reference 1 for a 46 cm chord airfoil in turbulent
flow were closely predicted by this method. Good agreement was also obtained
(reference 12) with data for a 23 ecm (9 in.) chord NACA 0012 airfoil tested
with the same equipment. However, the high frequency, low Mach number por-
tion of the data génerally was overestimated.

A similar analysis was developed by Goldstein in reference 13 and
evaluated in comparisons shown in reference 10 with data for a range of air-
foil chords. The two methods use different normalized turbulence spectra,
and the method of reference 13 applies only for acoustically compact sources.
Amiet's method was used for the predictions shown herein because its computer
program was readily available.

For large Strouhal numbers, corresponding to high frequencies and small
flow velocities, most of the noise radiation is predicted by Amiet's analysis
to arise from the portion of the airfoil very near the leading edge. This
calculated result has two important effects. Noise radiation from airfoils
which have large chords relative to the turbulence integral scale length is
predicted to resemble that for a thin plate having a sharp leading edge but
infinite downstream extent. Such noise is trailing-edge noise with its direc-
tivity shape reversed in direction (reference 7). Its amplitude varies not
with velocity to the sixth power but with velocity to the fifth power, and
its directivity shape is given by the cartiod c052((0-ﬂj/2) which has maximum
amplitude downstream., This change of directivity shape with increased chord
at constant turbulence properties had been observed in the data reported in
reference 10. Also, the assumption that the airfoil was thin and sharp rela-
tive to all other length dimensions becomes questionable for large Strouhal
numbers. Gust wavelengths into which the high-frequency three-dimensional
turbulence could be decomposed are of the same order as the airfoil maximum
thickness and leading edge radius. Thus it was, reasonable that the predic-
tions should not match data for these conditions.

Amiet's method of references 11 and 12 assumes that both the mean flow
. and the turbulence are homogeneous. An avallable computer program used in
calculations presented herein had been developed using the additional



’

assumption that the turbulence is isotropic and is described by the

von Karman turbulence spectrum. Resulting calculated spectra are oscillatory
because of flow compressibility (phase cancellation of sound waves which
leave different chordwise regions at difference times but reach the far-field
point at the same time). Spectra plotted in this report are less oscillatory
than those given in references 11 and 12. In those early uses of the method,
1/3 octave sound pressure levels had been calculated as the pressure-squared
spectral density evaluated at each 1/3 octave band center frequency, increas-
ed by 10 times the logarithm of the bandwidth. This calculation procedure
gave results in error by one or two dB when the center frequency nearly
matched a phase cancellation frequency. The curves in this report were com-
puted by subdividing each 1/3 octave band into four equal ratio bands (1/12
octave bands). Pressure-squared spectral densities were calculated at the‘
five upper and lower frequencies of these bands. These were averaged and
increased by the appropriate bandwidth to obtain the 1/12 octave band sound
pressure levels, which were combined to get 1/3 octave levels.

These analytical and experimental studies were directed toward develop-
memt of a method for predicting noise radiated by a rigid hard-wall strut
in turbulent flow. Additional effort was conducted under this Contract for
the application of such methods to prediction of engine strut and splitter
noise. Measurements were obtained of turbulence intensity and scale length
at different radial and angular positions downstream of the stators of a
large-scale low-speed turbofan model. The resulting turbulence information
was used in predicting the sound power spectrum of noise generated by a fan
exit duct annular splitter tested at NASA Lewis Research Center. A noise
prediction method developed from that approach is described herein.

In addition to these studies of noise generation, tests were conducted

- to investigate methods for reducing strut noise. A number of passive modifi-
cations (perforated leading and trailing edge regions, turbulence screens,
and bluff trailing edges) and one active modification (trailing edge blowing)
were applied to a 46 cm (18 in.) chord strut to attain noise reductions in
turbulent flow. A perforated leading edge backed by a bulk acoustic
absorber, over the forward 1.5% chord, was the most effective device. It
achieved up to 6 dB noise reduction above 1.6 kHz center frequency at 125 and
172 m/sec (10 and 565 ft/sec) flow velocity, but was ineffective below 0.8
kHz frequency. These results were reported in reference 2.



General Discussion of Calculations and of Test Equipment

Calculation Method

The general approach used in this investigation was to regard noise
radiated to a far-field point from a strut within an engine fan dquct as a
combination of three processes.

far field

noise from _ 1solated airfoil spectrum correction _ far field radi- (1)
strut in sound spectrum in due to nozzle and ation pattern
~flow duct turbulent flow duct with flow

A method for predicting each of these processes was obtained from available
literature. Each method had been developed by use of limited data taken for
that specific purpose. Then the combined prediction of far-field spectra and
directivity was examined by comparisons with the limited unambiguous avail-
able data.

Of these individual processes, the most important is the prediction of '
initial noise radiation from an isolated airfoil in uniform turbulent flow.
Such noise can be expressed by use of Lighthill's acoustic analogy as an
integral over the surface. Then the spectrum ¢P of far field acoustic pressure
in the centerline plane normal to the airfoil surface caused by a spectrum ¢F
of fluctuating 1ift dipole force is given by

- 2 (@)
4’P = (f cos 8/ 2ra) ¢F

if the compressibility frequency parameter ( f‘c/a)(l—M?)'l is assumed small
compared with one. The 1lift force spectrum can be related to the spectrum ‘bT
of incident turbulence by '

s

¢F = (172 Puz)z(cb)z'(zn sF)Z’cbT (3)

where SF is the Sears function (the ratio of lift coefficient slope at a

given reduced frequency to 2#). Turbulence spectrum, normalized as U¢T/ A,
can be expressed as a function of Strouhal number fU/A based on turbulence
integral scale length. Then, as with equation (5) of reference 10, sound
pressure level in any 1/3 octave frequency band can be expressed in terms of a
product of three factors.

SPL =10 10g] F, (tbc/r2) (v2/uP)W) xsin? 8 x Fy (fc/u,A/c M| (%)



The quantity withinh square brackets in equation (4) can be regarded as the
product of an amplitude factor F,;, a radiation pattern shape factor, and a
spectrum shape factor‘F3. The effect of Mach number M on the factor F3 and
the turbulence length scale A is small, Therefore the spectra can be approx-
imately normalized at moderate subsonic Mach numbers by use of the Strouhal
number fc/U. ‘

For large-chord airfoils the radiation pattern shape factor, spectrum
shape, and velocity dependence at a given measurement direction are affected
by flow compressibility. Radiation shape is also changed because retarded
time for different chordwise positions becomes a function of direction angle
and reduced frequency. Chordwise variations of retarded time do not occur at
90© direction angle; measured and predicted normalized spectrum shapes should
have least variation with airfoil chord and flow Mach number at this direc-
tion. Note that the functional dependence of spectrum amplitude and shape on
Strouhal number, ratio of turbulence to chord, and Mach number can be exam-
ined in tests at 900 direction angle even if the flow is nonuniform in the
spanwise direction.

Alternately, equations (2) and (3) can be combined and rearranged to
yield equation (24) of reference 1.

o0® Be_ ¥
PL . — vZ/u2) — . - T PU- e
SPL, 5 —10 log (v&/U )—1010g(0.232A/c) IOIog(2 Prar T snnBl (5)

=10log Sg° + 10log (Ug/vZA) + 30log (fc/U)

Here the left side of the equation is the far-field spectrum minus three
terms which are independent of frequency. One term is the adjustment for
mean square turbulence level, another is the adjustment for ratio of turbu-.
lence integral length scale to,airfoil chord, and the third expresses a

dependence on velocity to the sixth power and sine squared of the measurement
direction. Thus the measured 1/3 octave spectra can be plotted in the form
of the left side of equation (5) by adjusting the amplitude and plotting
against Strouhal number fc/U rather than frequency.

Test Equipment

3

Two different types of test equipmént vere used for measuring noise
radiation from an isolated strut in subsonic turbulent flow. Neither is
satisfactory for all purposes, but a combination of data from both types will
allow evaluation of all predicted features of such noise. "These two forms -
of test equipment are the conventional open-jet acoustic wind tunnel (refer-

ence 6) and the large subsonic exhaust jet (reference 10).



A conventional acoustic wind tunnel, such as that described in
reference 6, provides a nearly uniform test flow field with nearly uniform
turbulence. Turbulence generated by upstream grids can have arbitrary scale
length but is limited to about 5% turbulence level if the grid is not too
close to the nozzle exit. The range of measurement direction angle tends to
be limited to about 45° on either side of a normal to the flow direction.
Also, strut noise caused by these moderate turbulence levels must be measured
against tunnel background noise. The usable spectrum range tends to be
limited at low frequencies by edge noise generated at the nozzle exit 1lip and
at high fréquencies by tunnel shear-layer jet noise and/or collector noise.
Thus the advantage of uniform flow, which permits experimental evaluation of
predicted absolute spectrum level at mid-frequencies, is accompanied by in-
ability to evaluate predicted levels at extremes of frequency or direction
angle.

Data were reported in reference 10 for noise radiated from struts
extending across the spatiaily nonuniform turbulent mixing region of an open
Jjet. . At its closest distance from the jet centerline, the strut was in the
region of largest turbulence level. Compared with measurements in an acoustic
wind tunnel, the strut-radiated noise stood further above background noise
and the jet nozzle did not physically obstruct the line of sight to the
strut. These differences permitted measurements to be made with the strut
and jet over larger ranges of frequency and direction angle than could be
obtained with an acoustic tunnel. However, mean velocity and turbulence
level were not uniform along the strut span as assumed in the theory. The
experimental results given in reference 10 show that shapes of the spectra
and directivity pattern were not affected by this nonuniformity. Absolute
levels were strongly affected, but these can be related to that for a strut
of unknown span in a uniform flow having the local maximum mean velocity and
turbulence level. 1In summary, tests in the high-turbulence region of an open
jet permit experimental validation of normalized spectrum shapes and
normalized directivity shapes. However, they cannot be used for validating
predictions of absolute level.

Comparisons are given,in the following section of this report, between
calculated and measured spectra for isolated struts in both types of turbu-
lent flow. The absolute levels predicted for struts in an open jet were
obtained by use of an arbitrary choice of span, mean velocity, and turbulence
properties. Details of measured norma;;zed spectra and directivity shapes
have been previously discussed and compared with analytical predictions in
reference 10. Agreement generally was excellent over a large range of
frequency, polar angle, azimuth angle, velocity, and chord.























































































































































































































