NASA Contractor Report 185241

High Speed Turboprop Aeroacoustic Study
(Counterrotation)

Volume | - Model Development

C. E. Whitfield, R. Mani, and P.R. Gliebe
GE Aircraft Engines

Advanced Technology Operations
Cincinnati, Ohio 45215

July 1990

Prepared for
Lewis Research Center
Under Contract NAS3-23721

NNASA

National Aeronautics and
Space Administration

(MASA=LT=1,5741)  RIuH Svfen TURSTPRGP NOU=c 602

ACRIACLULTIC STULY (UPUNTFRIDTATINN) . VOLUME

1r o MUNLL T VOLL?MERT final Perort (LF)

171 p CSCL 2UA unclus
54/71 0240745






High Speed Turboprop Aeroacoustic Study
(Counterrotation)

Volume | - Model Development






Acknowledgments

This work was supported by the National Aeronautics and Space Administration through
Contract NAS3-23721, with Dr. James H. Dittmar of NASA Lewis Research Center as the Program
Manager. The authors would like to express their thanks to Dr. Dittmar and to Dr. J.F. Groeneweg
for their support over the course of this program.

The authors would also like to express their thanks to Mr. E.A. Krejsa of NASA Lewis Research
Center for his work with the computer programs delivered under this Contract following their arrival
at NASA Lewis.

Finally, the authors would like to express their thanks to the following GE Aircraft Engines
personnel: Mr. D.M. Hill, for his help in the aerodynamic aspects of the work described in Section
2.2 of this Report and for supplying steady state performance data; and Mr. J. Jenk and Mr. K.C.
Adkins, for development of the computer software to streamline the presentation of the data/theory
comparisons shown in Section 2.1. :

i C
gAGS__ [ INTENTIONALLY BLANK

R

st ittt T S o
R VTR of SLVTER NI AL T FEIR TN






Summary

The isolated counterrotating high speed turboprop noise prediction program developed and
funded by GE Aircraft Engines has been compared with model data taken in the GE Aircraft Engines
Cell 41 anechoic facility, the Boeing Transonic Wind Tunnel, and in NASA Lewis Research
Center’s 8x6 and 9x15 foot wind tunnels. The predictions show good agreement with measured data
under both low and high speed simulated flight conditions.

The installation effects model developed for single-rotation, high speed turboprops has been
extended to include counterrotation and the additional effect of a mounting pylon upstream of the
forward rotor.

A nontraditional mechanism concerning the acoustic radiation from a propeller at angle of attack
has been investigated. Predictions made using this approach show results that are in much closer
agreement with measurements over arange of operating conditions than are obtained via traditional
fluctuating force methods. )

The isolated rotors and installation effects models have been combined into a single prediction
program, results of which have been compared with data taken during the flight test of the
B727/UDF®* engine demonstrator aircraft.

The satisfactory comparisons between prediction and measured data for the demonstrator air-
plane, together with the identification of a nontraditional radiation mechanism for propellers at
angle of attack, constitute the major achievements of this Contract.

*UDF® is a registered trademark of the General Electric Company, U.S.A.
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1.0 Introduction

1.1 Background

Recent studies have shown that the high speed turboprop offers an attractive alternative to
turbofan propulsion for certain future commercial aircraft applications because of its substantially
higher propulsive efficiency potential. However, one of the major obstacles to the use of high speed
turboprops is the high near—field noise level generated by the propeller, which may cause a
potentially serious cabin noise problem. In response to this potential problem, there has been
substantial activity in both theoretical and experimental investigations of the noise characteristics
of high speed propellers by NASA and private industry.

The currently envisioned high speed turboprop systems call for cruise flight speed Mach
numbers of 0.7 to 0.8 and propeller tip speed Mach numbers of 0.7 to 0.9, which results in propeller
blade operation in the transonic and supersonic regimes. Recent theoretical models of propeller
noise have been produced to account for forward flight effects, source noncompactness, and
supersonic motion of the blade fixed sources relative to the observer position. These effects are all
present to some degree for propellers operating at transonic and supersonic relative Mach numbers.
The concept of the propfan, a low aspect ratio, high blade number propeller with swept blades, has
features which promise significantly lower noise than conventional propellers. These features
include very thin blade sections with large sweep angles near the tip to produce subsonic relative
Mach number components normal to the leading edge of the blade, thus reducing losses and flow
field discontinuities associated with the formation of shock waves.

Further improvements in propulsive efficiency are achievable if the energy lost in the swirling
flow at the exit of a high speed turboprop can be recovered. The counterrotation propeller, in which
a second rotor, whose direction of rotation is opposite to that of the original, operates in the slip—
stream of the first rotor to restore the outflow to the axial direction is one means by which this may
be accomplished.

While promising great potential performance benefits, the counterrotation high speed turboprop
concept does present several potential noise problems, both in the low (typical takeoff and approach)
and high (typical cruise) flight speed regimes. At high flight speed, the noise sources of concemn are
those of the single-rotation propfan, namely the steady loading and thickness noise of each rotor,
together with such installation effects as are applicable under these conditions. Under low flight
speed conditions, however, the response of the aft rotor to the wakes and tip vortices shed from the
blades of the forward rotor cannot be ignored, and likewise, the effects of the installation
environment on the acoustic output of the two rotors may well be significant.

Over the past several years, much work has been undertaken, both by private industry and under
NASA sponsorship, to obtain a better understanding of both the aerodynamics and the aeroacoustics
of counterrotating high speed turboprops over the entire flight envelope. This etfort culminated in
the successful flight of the UDF® engine on the Boeing 727 demonstrator airplane.

1.2 Current Work

The work described in this report extends the single-rotation, high speed turboprop aeroacoustic
study of Reference 1 to counterrotation. First, results obtained using the isolated counterrotating
high speed turboprop noise prediction program developed under internal funding at GE Aircraft



Engines (GEAE) are compared with model data obtained for four different blade designs in the
GEAE Cell 41 low speed free—jet acoustic facility, the Boeing Transonic Wind Tunnel, and the
NASA Lewis Research Center 8x6 foot high speed and 9x15 foot low speed wind tunnels. The Cell
4] data were obtained under NASA Contract NAS3-24080 (Reference 2). The NASA data were
recorded in the NASA Lewis Research Center wind tunnels by NASA personnel (with GEAE
participation) as a part of the said contract; and selected data provided to GEAE by NASA. Second,
the single-rotation installation effects model developed under this Contract (Reference 1) has been
extended for counterrotation application. This effort has entailed the major portion of the work
accomplished under the extension of the original single-rotation, high speed turboprop aeroacoustic
study Contract to counterrotation, and includes the development of a counterrotation aerodynamic
model (based on the single rotation model of Reference 1) to compute axial and tangential force
coefficients given lift/drag relations for each radial section as functions of angle of attack. The
installation effects whose flowfields are computed for input to the acoustic model are those of
Reference 1, namely angle of attack, the presence of a fuselage, and the presence of a wing lifting
line. In addition, the effect of a mounting pylon upstream of the forward rotor has been included.
With the exception of the angle—of-attack case, which has been reported separately in Reference
3, no changes were made to the acoustic model developed originally for single rotation high speed
turboprops. Each rotor is considered independently, and only BPF tones and harmonics thereof for
each rotor are considered.

The two computer programs resulting from the work described above (namely the GEAE
internally funded Isolated Counterrotating Propeller Noise Prediction code, and the Installation
Effects code developed in the current program) have been integrated into an installed counter—
rotating, high speed turboprop noise prediction system. Results from this combined program have
been compared with data taken during the flight test of the B-727/UDF® engine demonstrator
aircraft (Reference 4).

1.3 Objective

The objective of the current study has been to develop a verified computer model of the noise
generated by a counterrotating high speed turboprop, taking into account:

¢ Steady loading and thickness noise of Rotor 1
¢ Steady loading and thickness noise of Rotor 2

¢ Unsteady loading noise of Rotor 2 resulting from interaction with the wakes and
vortices shed from Rotor 1

¢ Unsteady loading noise of Rotor 1 resulting from interaction with nonuniform
flow caused by the installation environment

* Unsteady loading noise of Rotor 2 resulting from interaction with nonuniform
flow caused by the installation environment.

3]



2.0 Analysis and Results

2.1 Isolated Counterrotating High Speed Turboprop Noise
2.1.1 Introduction

The isolated counterrotating, high speed turboprop noise model delivered under this contract
was developed under internal GEAE funding. Consequently, only a brief description is presented
below.

2.1.2 Model Development

The isolated counterrotating, high speed turboprop noise model computes:
e Steady loading and thickness noise of Rotor 1
e Steady loading and thickness noise of Rotor 2

e Unsteady loading noise of Rotor 2 resulting from interaction with the wakes and
vortices shed from Rotor 1

where the formulation employed is similar to that of Hanson (Reference 5).

The steady loading and thickness noise of each rotor is computed by the frequency—domain,
noncompact source method described, for single rotation, in Reference 1. Each rotor is treated as
an independent source, with the axial distance between the pitch change axes preserved. Calculation
of the unsteady loading noise generated by the interaction of the blades of Rotor 2 with the wakes
and tip vortices shed from the Rotor 1 blading is accomplished via a chordwise compact acoustic
model (in contrast to the acoustic model used for the steady loading and thickness calculation). The
unsteady flow field between the rotors is established via the compressor wake model developed
under NASA Contract NAS3-23681 (Reference 6) and the tip vortex model developed for UDF®
engines as a part of NASA Contract NAS3-24080 (Reference 7). Spanwise phasing effects,
resulting from the sweep and lean of the blading and the direction of the mean flow, are preserved
in this treatment. The unsteady loading at each spanwise section on the aft blades is obtained via
unsteady airfoil theory (with compressibility effects included) following Fourier decomposition of
the components of the fluctuating velocity normal to the chord of the aft blade. Only these transverse
gusts are included in the calculation.

The methods described above lead to predictions of tone SPLs at frequencies corresponding to:

n * BPF1
m * BPF2
n * BPF1 + m*BPF2

Where BPF1 = Rotor 1 blade passing frequency

BPF2 = Rotor 2 blade passing frequency
and m, n are integers

Typical execution times for computation of 10 steady loading and thickness harmonics of each
rotor BPF, together with 150 Rotor1/Rotor2 interaction tones at each of 17 observer angles are of
the order of 8 and 15 minutes for “community noise” and “cruise noise” examples respectively using
a MicroVax II computer.



2.1.3 Data/Theory Comparisons

The data used in the verification of the isolated counterrotating high speed turboprop noise
prediction program delivered under this contract were obtained during scale model testing of several
proposed blade designs in four different facilities. Simulated flight Mach numbers attained during
these tests range from 0.2 to 0.8, and, for convenience, because the significance of the various noise
sources is a function of Mach number, the comparisons which follow have been divided into high
speed (representing cruise) and low speed (representing takeoff) conditions. At high speed,
nearfield noise as perceived on the fuselage of an airplane is expected to be a prime concern, whereas
at low speed it is anticipated that farfield (community) noise represents the major problem.

The test vehicles and scale model blades used for these comparisons were, in the main, designed
and manufactured by GE Aircraft Engines under NASA Contract NAS3-24080 (Reference 2).

2.1.3.1 High Speed Comparisons

High simulated flight Mach number testing was conducted in the NASA Lewis Research Center
8x6 foot transonic wind tunnel under Contract NAS3-24080 and also in the Boeing Transonic Wind
Tunnel under GE funding. The two facilities employ different philosophies in the acquisition of
acoustic data under these conditions. In the NASA tunnel, shown in Figure 1, pressure transducers
are flush mounted in a steel plate which is suspended from the ceiling of the (otherwise unmodified)
tunnel working section. It is believed (Dittmar, Reference 8) that the location of the plate is such
that the effects of reflections from the tunnel walls are avoided, and the only disadvantage entailed
with this method is that, due to the presence of the boundary layer on the flat plate, the noise levels
measured by the transducers forward of the plane of rotation are lower than would otherwise be the
case.

Figure 2 shows the anechoically treated working section of the Boeing Transonic Wing Tunnel.
Here the acoustic data are taken by means of traversing microphones, suspended from the ceiling
at two different sideline distances. This method of data acquisition also has good and bad points —
a wider range of observation angles is available than is the case with the NASA flat plate, but, in
order to ensure reasonable data quality, the traverse must move at a slow speed (0.4 in/sec) requiring
much tunnel time for each acoustic data point in addition to the major expense entailed in the tunnel
modification. The F7A7 blade design combination, shown in plan form in Figure 3, was tested in
both facilities at its design condition (tunnel Mach Number = 0.72, 8+8 blades) with blade angles
B3/a=56.9° and 54.4° for the forward and aft rotors, respectively. In order to compare results from
the two facilities, it is necessary to establish a common set of conditions (sideline distance, tunnel
static pressure, free field, or flat plate). In Figures 4 through 6, the NASA 8x6 foot wind tunnel
conditions have been selected as the reference. The BTWT (Boeing Transonic Wind Tunnel) data
have been adjusted as follows:

Free field ew——me——gp» ]3¢ plate: + 6 dB
Sideline distance cormrection: + 25dB
Static pressure correction: + 1.3db
(10.5 psi==—» 12 2 psi)

Total Adjustment = " 9.8 dB
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(These are the same corrections as those of Dittmar (Reference 8), but applied to the BTWT rather
than the NASA data).

Also shown in Figures 4 through 6 are predictions made using the code delivered under this
contract. These predictions were made using the NASA test conditions of tunnel static temperature
and pressure, together with relevant performance parameters (for example shaft horsepower and
rpm for each rotor) measured at the time of the test. Blade geometry and the spanwise loading
distribution used (spanwise loading is defined in Reference 1) were those for which the blades were
designed. Experience has shown that the chordwise loading distributions generated from 3D (three
dimensional) Euler CFD solutions (that were shown in Reference 1) can be replaced by simple
analytical expressions, selected according to the flight conditions; consequently, for this high flight
Mach number case, a rectangular normalized chordwise loading distribution was used.

The two rotors have the same number of blades, and are running at approximately the same speed
(rpm). Consequently, given the bandwidth of the analysis equipment used, the harmonic
components generated by the forward and aft blading are inseparable. The theoretical model suffers
from no such inhibitions, however, and generates individual tones regardless of whether the
frequencies involved are coincidental. Figures 4 through 6 thus show, in addition to the two sets of
data, individual tone predictions for all the components perceived at a particular frequency, in
addition to the “total” prediction, corresponding to

SPLp, = 10 logy ( Y, 10 "f«»""’}
Tones

Figures 4 and 5 demonstrate good agreement between the two sets of data, despite the differences
in acquisition. Figure 6 appears to show some attenuation of the flat plate data in the forward arc,
suggesting refraction of the acoustic signal in the boundary layer on the plate. It would be expected
(Reference 1) that such boundary layer refraction effects would become more apparent as the
harmonic number increased. The agreement between the two sets of data and the “total” prediction
shown in Figures 4 and § is very good. Figure 6, for the combined third harmonic of BPF shows
a degree of overprediction. Experience has shown that this overprediction is a function of the
thickness noise calculation, and it becomes more pronounced with increasing BPF harmonic
number.

One concept studied for reducing Rotor 1/Rotor 2 interaction noise inthe low flight speed regime
is that of the reduced diameter aft rotor. The design intent is to remove the tip of the blade from the
influence of the forward rotor tip vortex, while increasing the chord to enable the blade to carry the
same load as the equivalent full-diameter blade design. Figure 7 compares the reduced diameter
A3 design with the more conventional Al blade; each of these designs was intended to run behind
the F1 forward rotor blading, as shown in this figure. Experimental comparisons between
“standard” and “reduced” rear rotor diameter blading have been made by Woodward (Reference 9)
under low flight speed conditions, and also by Dittmar (Reference 10) for the high flight Mach
numbers under consideration in this section. Dittmar demonstrated that while interaction tones are
less significant at the high helical tip Mach numbers encountered in this flight regime, and hence
the main motive for use of a reduced diameter rear rotor might appear redundant, the reduction in
tip speed resulting from the use of a shorter blade is such as to cause a decrease in the levels of the
blade passing frequency harmonics generated by that rotor, especially under off-design conditions.

11
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In order to assess the ability of the computer program to predict the noise characteristics of the
reduced diameter A3 design, data/theory comparisons have been made for both F1A1l and F1A3
blade configurations operating at their design point (M, = 0.72, Myt = 1.08 for the forward rotor)
in the NASA Lewis Research Center 8x6 foot transonic tunnel. The results are shown in Figures
8 through 10 and Figures 12 and 13. Figures 8 and 9 show comparisons between data and prediction
for acoustic run No. 4722; F1A1 blades in a 9+8 configuration, enabling identification of the
individual rotor harmonics. Comparisons between measurement and prediction for the first four
harmonics of BPF are shown in Figure 8 for the forward rotor and in Figure 9 for the aft rotor. Two
prediction curves are shown; the first, “PREDICTION” employed the local pitch angle to divide the
lift into thrust and torque components in the acoustic calculation, while for the second,
“PREDICTION (HEL)”, the helicoidal surface angle was used. As was the case for the SR-TL
predictions of Reference 1, there is close agreement between the two prediction curves for this
design point calculation, although, as a general rule, ithas been found that use of the local pitch angle
gives better agreement with data. These Figures demonstrate good agreement between data and
prediction for this high Mach number case, the only notable exception being that the predicted
directivity of the fundamental BPF tone of the forward rotor (Figure 8(a)) is broader than that
measured. Some differences between data and prediction in the forward arc can, as before, be
attributed to the attenuating effect of the boundary layer on the flat plate for the harmonics above
BPE.

Acoustic run 4793 is identical in operating conditions to run 4722 shown previously, but with
eight A3 blades replacing the A1 blades of the earlier run. Figure 10 can be compared with Figure
8 to obtain a measure of data repeatability, in that both show tones from the F1 blading under the
same conditions. Here, only three harmonics of BPF were available for comparison, as a result of
higher static temperature in the tunnel during this run than was the case for run 4722. Higher static
temperature requires higher physical speeds to maintain equivalent Mach numbers, thus with higher
rpm, the fourth harmonic of BPF for the nine-bladed forward rotor was above the frequency range
of the analyzer used to obtain these on-line data. Other than this, the comments concerning the
agreement between data and prediction shown in Figure 8 apply to Figure 10 also.

The computer code delivered under this contract contains the assumption that the streamline that
passes through the tip of the forward rotor will also pass through the tip of the aft rotor. In general,
under cruise conditions, this assumption is correct. For the reduced diameter rear rotor under
consideration here, however, the forward rotor tip streamline will pass over outboard of the tip of
the aft rotor, and this physical situation should be addressed in the computational scheme.The
approach adopted requires the generation of imaginary or “pseudo” blade coordinates to represent
a full-diameter rear rotor that is identical in all respects with the real blade, (in the region where that
blade exists) but extends past the true blade tip to the “‘standard” diameter. During the computation,
the streamlines are distributed on the full-diameter (or “grown”) blade, but only those contributors
to the noise that lie within the real reduced diameter (or “clipped”) blade are included in the acoustic
calculation. This concept of the “grown” and the *“‘clipped” blade is illustrated in Figure 11. The
effect on the predicted noise of allowing the forward rotor tip streamline to pass outside the tip of
the aft rotor is shown in Figure 12 where results labelled “Design” (representing a calculation in
which the forward rotor tip streamline does pass through the tip of the aft rotor) and “grow/clip”
(representing a calculation using the “‘grown” and “clipped” technique described above) are
compared with data trom run 4793.

13
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What little difference there is between the two predictions is probably a function of the different
spanwise loading distributions that resulted from the two approaches. Rather more disturbing is the
disagreement between data and prediction seen in all harmonics above the fundamental shown in
this figure. No fully satisfactory explanation for this discrepancy has been found. If, however, one
assumes that either the loading or the thickness distributions that were assumed for this somewhat
unconventional blade were in error, one may achieve the results shown in Figures 13 and 14,
respectively. The original calculation (Figure 12) assumed that, for this high flight Mach number
example, the normalized chordwise load distribution (described in detail in Reference 1) could, as
is usual in this flight regime, be represented by arectangle. In the event, the helical tip Mach number
of the A3 blade is barely unity, suggesting that the parabolic load distribution normally employed
for low flight speed cases might be more appropriate. Figure 13 demonstrates the sensitivity of the
result to the chordwise loading distribution employed. Alternatively, errors in manufacturing could
result in a thicker blade than that for which the predictions were made. Figure 14 shows the result
of arbitrarily doubling the thickness of the blade (an extreme case). Again, the prediction moves
closer to the data.

One further factor which can influence the predicted levels of the higher harmonics of BPF in
particular is the chordwise thickness distribution. Figure 15 shows the effect of changing the leading
edge thickness (ALE) from zero to 0.3 times the maximum thickness at any radial station, while
simultaneously changing the trailing edge thickness (BTE) from zero to 0.4 times the maximum
thickness. Figures 13 through 15 demonstrate the sensitivity of the model to certain input
assumptions.

It should be explained here that the choice of zero for the parameters ALE and BTE was based
on earlier data/theory comparisons for the F7A7 blading. Use of finite edge thickness values in those
cases led to over—prediction of the measurements. The values of 0.4 and 0.3 for ALE and BTE
respectively are extreme, and are intended merely to illustrate the range of variation in predicted
noise levels resulting from changes in the input assumptions.

In conclusion, it has been shown that, under high speed conditions, the prediction model is in
good agreement with measured data for F7A7 and F1Al blading. A study of the sensitivity of the
computer model to certain input quantities produced no fully plausible explanation for the
underprediction of A3 tone noise.

2.1.3.2 Low Speed Comparisons

Low simulated flight speed acoustic data were taken under Contract NAS3-24080 in the NASA
Lewis 9x15 foot acoustically treated low speed wind tunnel (Figure 16) and in the GE Aircraft
Engines Cell 41 free-jet anechoic facility (Figure 17). As with the high speed testing of the previous
section, the two facilities employ different philosophies in the acquisition of acoustic data from the
Model Propulsion Simulators (MPS). In the 9x15 foot tunnel, accoustic data were taken using a
floor-mounted traversing system at microphone sideline distances of 4.5 and 5.5 feet. (The results
reported herein use data recorded by the 4.5 foot microphone). The GEAE Cell 41 free—jet anechoic
facility is described in References 2 and 10 and shown in Figure 17. In contrast to the wind tunnel
testing described earlier, here the MPS is supported in a vertical free jet inside a large (42 ft by 72
ft outside dimensions) anechoic chamber, with static microphones located in a vertical plane around
the walls. The majority of the microphones are at a 27 foot sideline from the axis of the circular free
jet, which is, itself, coincident with the axis of the MPS. In order to use the acoustic data taken in
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this facility, account must be taken of the effects of the shear layer between the moving fluid in the
Jetand the stationary fluid in the body of the facility. This is accomplished by means of the technique
described in Reference 12.

Data/theory comparisons have been made for the F7A7, F7A3, and F11A11 blade designs shown
in Figure 18. The data used for the F7A7 and F7A3 comparisons are from tests conducted in the
9x15 foot wind tunnel; the F11A11 data are from Cell 41. The F7A7 blade design, and the reduced
diameter rear blade A3 were discussed previously, thus the only comment to be made at this point
is the reminder that these blades were designed to operate at a flight Mach number of 0.72 in an
8—forward + 8-aft blade configuration. The F11A11 blades, on the other hand, were designed for
a flight Mach number of 0.8 with 11—forward + 9-aft blades. In addition, as can be seen from Figure
18, the F11A11 planforms were designed with significantly more chord and sweep than F7A7.
Figure 19is a plot of the radial distribution of the axial distance from the trailing edge of the forward
rotor to the 1/4-chord of the aft rotor, normalized by the axial chord of the forward rotor, for the F7A7
and F11A11 blades as tested. This parameter, together with the forward rotor drag coefficient,
controls the strength of the wakes shed from the forward rotor when they encounter the aft rotor
blades. Figure 19 demonstrates an attempt to reduce interaction noise by increasing the spacing
between the blade rows.

2.1.3.2.1 F7A7 Comparisons

In view of the large amounts of data available for comparison with prediction, it was decided
to concentrate on a few test points and examine them in detail, in order to demonstrate various
aspects of the theoretical model.

Figure 20 shows typical data taken in the NASA 9x15 foot wind tunnel. The blades are F7A7
in an 11-forward plus 9-aft configuration, enabling identification of the various blade passing
frequency harmonics and interaction tones. The data were obtained with the 4.5 foot sideline
traversing microphone, and the angular location is referenced to the midpoint between the rotors,
with zero degrees being the upstream axis. Figure 20(a) shows the acoustic spectrum obtained by
averaging samples from the traversing microphone over the five degree segment centered on 90
degrees (the midpoint); with Figures 20(b) and 20(c) corresponding to upstream and downstream
data respectively. The blade passing frequency (BPF) tones of the two rotors have been identified,
together with the major “sum” tones (n*BPF1 + m*BPF2, where “m,” “n” are integers). It can be
seen from this figure that, whereas the BPF tones of the two rotors are visible above the background
broadband level in the vicinity of 90 degrees, at the upstream and downstream locations shown they
cannot be identified. In the comparisons that follow, both for BPF and the interaction tones, only
those data points that protrude clearly above the broadband have been used.

2.1.3.2.1.1. “Standard” Comparisons

Comparisons between the as—measured data and prediction for acoustic run 367 (F7A7 11+9
blading, B34 = 36.4/36.5, RPM1 =~ 6800 = RPM2) are shown in Figures 21 through 24. Figure 21
compares predicted and measured directivity patterns for the fundamental BPF tones of the two
rotors. Agreement between the data and the predicted levels for these tones is disappointing at first
sight, especially bearing in mind the agreement obtained for the same blading (albeit different blade
numbers) at high speed (Figure 4). Examination of the data, however, shows the tones to be buried
in the broadband noise (see Figure 20(b)) over most of the directivity, leaving only the region around
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the rotors (between observer angles of 75° and 120°) open to question. Possible causes for the
discrepancy between data and prediction in this region will be examined later.

Comparisons between predicted and measured levels for six interaction tones are shown in
Figures 22 and 23 with tone sum comparisons shown in Figure 24. Atthe low simulated flight speed
(Mo = 0.2) at which these test were made, it is the interaction tones that are the main contributors
to the measured noise; thus, the 1F + 1A tone of Figure 22(a) represents the “second harmonic” of
blade passing frequency, with the 1F + 2A and 2F + 1A tones of Figure 22(b) and 22(c) combining
to give the “third harmonic” level. Agreement between data and prediction is good for the 1F + 1A
and 1F + 2A tones; the main features of the data are seen in the prediction (with a slight shift in
directivity in the 1F + 1A tone) and the levels are in good agreement over the full directivity pattern.
The same could be said for the 2F + 1A tone up to an observer angle of 90°; again, there is a forward
shift of the directivity pattern in the predicted curve, relative to the data, but other than this, in the
forward arc, agreement is good. Aft of 90°, the trends in the data and prediction are opposite. In
these locations, as can be seen in Figure 20(c), the 2F + 1A tone protrudes strongly from the
broadband, and the reason for the discrepancy between measured and predicted levels is, at present,
not fully understood. In Figure 23, the data and prediction for the three tones that comprise the
“fourth harmonic” are compared. Once again, the theoretical model shows very good agreement
with the measured data for both the 1F + 3A and 2F + 2A tones. The forward arc 3F + 1A tone data
were buried in the broadband level, thus allowing the difference between measured and predicted
levels in this regime; but, again, in the aft arc, the differences between measurement and prediction
warrant further study.

Figure 24 demonstrates the overall agreement between data and prediction obtained for this test
point. The individual tones (both data and prediction) presented in Figure 23 have been summed
to show the agreement in the “fourth harmonic” directivity (Figure 24(a)), while the levels in Figure
24(b) represent the sum of all interaction tones through the “seventh harmonic”. Figure 24(c) shows
the agreement between data and prediction for the interaction tones contributing to the third, fourth,
and fifth harmonics. Experience has shown that it is these tones that have the greatest influence on
the metrics used in the measurement of community noise from full-scale engines.

Figures 21 through 24 thus demonstrate excellent agreement between measured data and the
“standard” theoretical prediction. This could be expected, since (Reference 7) the various
semiempirical parameters employed in the tip vortex prediction model were calibrated using F7A7
blading,

2.1.3.2.1.2 “Optional” Comparisons

The isolated rotors prediction computer code delivered under this contract has several options
available to assist the user in the prediction of noise from counterrotating high speed turboprops.
Those concerned with the location (radial and tangential) and strength of the tip vortex have been
discussed at length in Reference 7; this discussion is not repeated here. The overall effect of the tip
vortex model, however, is shown in Figures 25 through 27. These Figures are the same as Figures
22 through 24, with one additional curve to show the prediction with no tip vortex effects included.
It can be seen that, in this case, the inclusion of the tip vortex in the model is necessary to bring the
prediction in line with the data. The only difference in the “prediction” curves in these figures lies
in the presence or otherwise of the tip vortex in the flow field between the rotors. The development
of the Rotor 1 wake is identical in both cases. Experience has shown that it is, in facr, possible to
obtain reasonable agreement between data and prediction without employing the tip vortex model,
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provided suitable values are selected for the forward rotor drag coefficient distribution, against
which the development of the wake is correlated. Figure 28 demonstrates the effects that can be
achieved by a variation in drag coefficient. (It must be emphasized that the selection of drag
coefficient should be made in such a way as to maintain consistency with either measured or
predicted performance characteristics).

Figure 29 illustrates that the effects of the assumed spanwise loading distribution manifest
themselves in the predictions of both the “steady loading” BPF tones and in the unsteady
loading-generated interaction tones. The first effect is more obvious than the second, which results
from modifications to the exit swirl from the forward rotor affecting the wake trajectory, as shown
in Figure 30. The two spanwise loading distributions for which the predictions were made are shown
in Figure 31. The total SHP absorbed in each case is the same, but the lift coefficient distributions
are radically different. The curve labelled “ORIGINAL” was generated from an early flow solution
of the blades under takeoff conditions, whereas that marked “DATA MATCH?” contains the results
of pressure/temperature surveys behind the second rotor. It is of interest to note, upon examination
of Figure 29, that the “ORIGINAL” prediction is closer to the data than that obtained with the
“DATA MATCH” loading. The final option exercised in this survey of features in the computer code
is that of helicoidal surface versus pitch surface for the division of the lift on the blade into its thrust
and torque components at any blade section. It will be recalled that, at high speed (Figures 8 and
9) there was very little difference between the two approaches. Here, onthe other hand, atlow speed,

ifferences can be seen in both the steady and unsteady loading tones. Now when this exercise was
performed for the (single rotation) SR-7L propfan operating on the Gulfstream PTA airplane under
low flight Mach No. conditions, (Reference 1) it was noted that the difference between the two
methods was of the order of 2 dB for each of the first three harmonics 6f BPF, For Run 367, however,
as shown in Figures 32(a) and 32(b) for the fundamental BPF tones of the forward and aft rotors,
respectively, the difference is of the order of 5 dB.

Examination of the relevant angles at a radius ratio of 0.75 shows the following:

Case B(pitch) B(helicoid) Delta(B)
Ref. 1, Case 2 36.84 29.13 7.71
Ref. 1, Case 3 41.79 33.12 8.67
Run 367, R1(F) 36.04 22.34 14.06
Run 367, R2(A) 36.05 22.69 13.81

It can be seen from this table that the differences between the helicoidal and pitch angles for the
F7AT7 model blades as run in the wind tunnel are considerably greater than for the SR-7L propfan
in flight on the PTA airplane. Itis this increase in the delta (B ) that leads to the increased difference
in peak BPF tone noise calculated by the two procedures.

The approach used to determine the spanwise lift coefficient distribution on each blade is
described in detail in Reference 1. In essence, the total tangential force determined from the input
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shp and rpm is equated with the tangential component of the local lift force, integrated over the blade
span. The local lift force is obtained from an input swirl coefficient distribution, whose amplitude
is scaled to match the input quantities. It is assumed, in this portion of the code, that the lift vector
is normal to the helicoidal surface swept out by the advancing pitch change-axis of the blade. This
is sketched in Figure 33, where the helicoidal angle B(H) is shown for a representative blade section,
together with the pitch angle, B(P). The magnitude of the lift vector is L in this sketch, and itis the
tangential component labelled Q(H) (resulting from the use of the helicoidal angle) that is integrated
spanwise to match the input quantities. The resultant axial force (thust) is denoted by T(H), and,
if the IHEL = 1 option is employed in the code, T(H) and Q(H) are the axial and tangential forces
that are employed in the acoustic calculation.

As modelled in the computer program, use of the blade pitch angle [B(P)] to resolve the lift into
axial and tangential components results in T(P) and Q(P) of the same figure. The magnitude of the
lift vector is the same as before (namely, that calculated using the helicoidal surface angle); itis only
its direction that has changed. The geometry sketched in this figure is close to that found near the
tip of the blades, and it can be seen that, for the small angles under consideration, the change in
tangential component from Q(H) to Q(P) is considerable.

Given that the lift is the same for the two acoustic calculations, the change in the tangential/axial
force split can be represented by the ratio of the tangents of the angles B(P) and B(H). If the 0.75
radius ratio location is taken as representative, converting the ratio of the tangents of the two angles
into dB (using 20*Log;o), gives an anticipated difference in predicted peak BPF tone level of
approximately 2.6 dB for the SR-7L cases quoted above, and 5 dB for the tones shown in Figures
32(a) and 32(b). These are close to the differences observed.

Comparisons between the use of the blade pitch angle and the helicoidal angle in the Rotor
1/Rotor 2 unsteady loading noise calculation are shown in Figures 32(c) through 32(e). It can be
seen that, overall, use of the blade pitch angle gives predictions that are in better agreement with the
data, and this trend has been observed in the majority of data/theory comparisons conducted to date.
It is appreciated that use of the pitch angle option in the acoustic calculation results in an
inconsistency between the aerodynamic and acoustic models. However, based on the agreement
with data obtained when using this option it is recommended that calculations made using this code
employ the local pitch angle to divide the lift into its thrust and torque components..

2.1.3.2.2. F7A3 Comparisons

As was described in Section 2.1.3.1, the reduced rear diameter A3 blade can be represented in
two ways within the computer prediction code. These are shown in the blade planforms of Figure
11, where the “grown” blade is plotted together with the “design” shorter version. Now, in the
prediction program, the wake of the forward rotor automatically passes through the tip of the aft
rotor, as discussed earlier. In addition, the location of the Rotor 1 tip vortex is referenced to the Rotor
1 tip streamline. Thus, by clipping the aftrotor in the “GROW/CLIP” approach, the effect s to force
the tip vortex and wakes shed from the outer portion of the forward blades to miss the aft rotor. The
results of this calculation are shown in Figures 34 through 37 labeled “GROW/CLIP”. The data
shown in this Figure came from Run 512 of the NASA 9x15 foot wind tunnel test. The test point
is identical with Run 367 (F7A7) in terms of performance; the only difference lies in the substitution
of nine A3 blades for the nine A7 blades used in the earlier test. Also shown in these Figure are three
approaches to the use of the design blade geometry in the calculation. For the steady loading BPF
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Figure 34. Comparison Between Data Acquired in the NASA Tunnel and Prediction: Acoustic
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tone of the aft rotor these give identical results; the difference between DESIGN and GROW/CLIP
here arises from differences in spanwise loading resulting from the two approaches. For the
unsteady loading tones, three DESIGN curves are shown. “TI=+1" implies that the forward rotor
tip vortex has been allowed to come inboard of the tip of the aft rotor and is contributing in full to
the unsteady flow field experienced by that rotor. The effect of this can be seen in the higher levels
predicted for the forward arc region of some of the tones. “NO VTX” means just that - the tip vortex
model was not employed in the calculation. Finally, “TI = —1" represents an attempt to simulate the
physics of the problem in a more realistic fashion in that, while the Rotor 1 tip streamline also passes
through the tip of Rotor 2, carrying its wake defect with it, the tip vortex trajectory carries the vortex
core outside the tip of the second rotor, SO its effect is reduced.

The results presented in Figures 34 through 37 suggest that, in fact, the best agreement between
data and prediction for this reduced diameter rear blade is obtained either by using the “GROW/
CLIP” approach or by employing the full tip vortex model. This case serves to illustrate the need
to understand the flowfield perceived by the aft rotor before, perhaps, examining in greater detail
the unsteady response of that rotor to it. It is worth noting that, in all cases, the predicted benefits
from use of areduced diameter rear rotor were greater than those measured, suggesting there is room
for improvement in the model.

2.1.3.2.3. F11A11 Comparisons

The F11A11 blades shown in Figure 18 were designed to operate at Mach 0.8 in a 11-forward
plus 9-aft configuration. Low speed testing was carried out in the GEAE Cell 41 anechoic facility
(Figure 17), and itis Run 4006 of this series that was selected for the comparisons shown in Figures
38 through 41. The blade geometry and design operating conditions are felt to be sufficiently
different from those of the F7A7 and F7A3 designs discussed earlier that to obtain good data/theory
comparisons for these blades, together with those already demonstrated, should provide verification
for the model delivered under this contract.

The use of static microphones in Cell 41 means that there are not as many data points available
over the observer angle range shown in Figures 38 through 41, as is the case for the traverse data
shown earlier, However, Figure 38 demonstrates excellentagreement between the available data and
the prediction modei for the fundamental BPF tone of the forward rotor, with the agreement for the
aft rotor BPF almost as good. In Figures 39 through 41, the same series of rotor/rotor interaction
tones that was considered earlier for the F7A7 and F7A3 blades is shown for this F1 1A11 case. The
absence of microphone data in the region forward of an observer angle of 67.5° is unfortunate, but
the agreement between data and prediction shown in these figures is equivalent to that obtained for
the earlier blade designs. Itis worth noting here that while the blade numbers and percent corrected
RPM were the same for the F11A11, F7A7, and F7A3 test points considered, the F11All data
discussed above were taken in a free jet Mach No. of 0.25, rather than the 0.2 wind tunnel Mach No.,
and also, the thrust generated by the blading was approximately 1.2 times that of the F7A7 case con—
sidered, leading to higher blade loadings and different wake characteristics. The overall agreement
obtained between measured dataand predicted results for these different blade designs and operating
conditions demonstrates the general validity of the model.

2.1.4 Conclusions

The GE Aircraft Engines isolated counterrotation high speed turboprop noise prediction pro—
gram has been compared with data gathered in four facilities under both cruise and low flight speed
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simulated conditions. Five different blade design combinations have been examined, including an
example of the reduced diameter aft rotor concept. The results show, in general, good agreement
between data and prediction, with some areas still requiring clarification. This study has
demonstrated the overall validity of the modeling employed in the computer code while identifying
regions for future refinement of the prediction methodology.

2.2 Installation Effects on Counterrotating Propeller (CRP) Noise

2.2.1 Introduction

The purpose of this study was to extend the results of Reference 1 (wherein installation effects
on single-rotation propeller (SRP) noise were evaluated) to the counterrotating case (CRP). In both
this study and in the prior study only the effects on blade passing frequency (BPF) noise (and its
harmonics) were considered. In the current work, the effects of the installation environment on the
BPF noise of both front and rear rotors have been considered.

The scope of the current work encompassed:
¢ Steady state aerodynamics of a CRP
® Quasi steady theory for CRP

® Velocity fields caused by “installation” effects (including the effect of an
upstream mounting pylon)

¢ Acoustic theory
® Theory data comparisons.
2.2.2. Steady State Aerodynamics of a CRP

In this section, the extension of the single-rotation propeller theory to predict axial and
tangential force coefficients (given lift/drag relations for each radial section as functions of angle
of attack) to the CRP case is outlined. The key element is Figure 42 giving the velocity triangles
for the CRP case at radius “r”.

Notation for Figure 42:
a:  Axial interference factor

'93\

Tangential interference factor

Slipstream contraction factor

Pranddl tip loss or tangential average factor
Radius of analysis

Forward flight speed

Angular velocity of rotor, radians/second

e pCcnwr e

Angle of flow relative to blade from tangential

Subscripts

F:  Front rotor
R: Rear rotor
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Figure 42. CRP Velocity Triangles at Radius “r”.

Some remarks concerning the axial and tangential interference factors of Figure 1 are in order.
Consider first the axial interference factor. In terms of the effect of one rotor on the adjacent rotor
the axial interference factor is modified first by the tangential average or Prandtl tip loss factor
because each rotor blade of one rotor experiences only the tangential average effect of the adjacent
rotor, which is moving relative to the chosen rotor blade. Second the effect of the slipstream
contraction needs to be accounted for. The slipstream contraction factor is taken in this study as:

X

xz + 1‘2

c=1z%

where x is the axial separation between the planes of the two rotor actuator disks. The plus sign
is applicable when the influence of one rotor on the downstream rotor is evaluated and the minus
sign when the influence of a rotor on the upstream rotor is evaluated.

Now consider the tangential interference factor. First the downstream rotor exerts no tangential
interference on the upstream rotor. Second (except for the Prandtl tip loss or tangential averaging
factor) the upstream rotor exerts twice the tangential interference on the downstream rotor as it does
on itself since the tuning through a rotor is fully complete aft of the rotor.

The procedure for computing the steady axial and tangential force coefficients is as follows.
Assume initial guesses for ¢F, Or. Determine angles of attack from known blade orientation at the
appropriate radius and determine lift/drag coefficients Cr, Cp. Obtain Cy, Cy (nondimensional force
coefficients in direction of rotor rotation and thrust direction) via:

Cy—‘-CLCOS(D-CD sin ¢
Cy=Crsin ¢+ Cpcos

Then by arguments similar to the SRP case, we can solve for “a’s” via:
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aF GrOr

(1-a" F) 3 cos ¢ sin ¢pkp

where “0f” denotes the solidity of the front rotor.

Likewise, application of the tangential momentum equation for the aft rotor yields an equation
for calculating “a’g” via:
a’'R CrOR

l—a’R+ kaa’FQF = 4 cos ¢R Smch kR

Application of the axial momentum equation to the forward rotor yields an equation for
calculation of “ap’f.
a.< -2’ B (i)(iJ( Of J
Tk \RADG ) Sinégpcos o7

("Ag” is the advance ratio of the forward rotor). Lastly, the axial momentum equation for the aft
rotor yields an equation for “ag” as:

a_(1+2kFa'F(QF/QR)—a'R(,)[CYRJ( or J
R™ kp R 4Ag J\ sin ¢g cos ¢y

As indicated above, the quantities a’f, a'R, af, and ag have been obtained in terms of ¢r and ¢R.
The two equations needed to close the system are:

(1-a'g)
(1+ ap+ kRaRcR)

Ap= m(cop)(%)

and:
(l-a’ R + ZkFa' FQF/QR)

(1 + ay + kgagep)

AR = tan (¢g) (Ri)

The above completes the procedure to solve the steady~state aerodynamic problem for the CRP
in a manner similar to that of the SRP.

2.2.3 Quasi-steady theory for CRP

In this section, the extension of the quasi-steady theory for the counterrotation case to obtain
the unsteady forces (in the quasi—steady approximation) is outlined. The notation employed is as
follows (some notation from Section 2.2.2 is repeated for convenience):

Cr, Cr: Constants of proportionality associated with front and rear rotors at a given radius, r

r: Local radius of analysis

R: Propeller tip radius

U: Forward flight speed

u: Perturbation axial velocity component “far upstream of rotors” (positive downstream)

s

Perturbation tangential velocity “far upstream of rotors” (positive corresponds to “v”’
in same sense as direction of rotation of forward rotor).
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Qp Qr: Speeds of rotation of forward and rear rotor

A Advance ratio based on front rotor, i.e., A = U/(R Qp). (Note the use of A rather than
J, where J = TtA)
S: Rotor speed ratio, i.e., S = Qr/QRr

Now, in general, the extension of the steady single rotation propeller theory to the counter
rotation case will yield for quantities (Qp) associated with the front rotor a functional relation of type:

Qp = CrQify (A.S)

where “Cg” is a suitable constant of proportionality at a given radius and Qr can represent a
quasi-steady force. Likewise, for quantities (Qr) associated with the rear rotor we may write:

QR = CRQ%{fR (X,S)

We now wish to compute the variation 3Qp, SQg, due to the extra (u,v) velocity field “far
upstream.” We note the following intermediate relations:

8Qg = -v/r,8Qg = v/r
sa = AuwU + v/Qp)]
§S  =-Sv/rQp) +v/(1Qy)]

= =S (1+S) vA(rQp)

=-S(1+9 x(%) (v/U)
Thus:

auece [20g50cr, 0332 on - 0l 3255
=CFQ%[x(%‘%)%%[—n(%)w%%)@iﬁ)-suwn(%}(%@](a}
Likewise:

6QR=CR[2 Qp 8Qp fr+ Qi(%i) S+ Qg(%&) ss}
=CRQ;[X(%§j (2)+[2ns(2) e 2 (R)(¥x)-s e () (%ga)](%ﬂ

These are the relations that are used to determine the fluctuation quantities in the quasi-steady
approximation for the counterrotation case. Note that partial derivatives with respect to both “A”
and “S” (advance ratio and speed ratio) are now required. These are evaluated by examining steady
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solutions for the following five pairs of points in the (A,S) space:

(A.S), (A-+0.01,8), (A-0.01,S), (A,5+0.01), and (A.5-0.01)

22.4. Velocity Fields due to “Installation” Effects - Effect of Pylon

The velocity fields due to the angle-of-attack effect, fuselage, and horseshoe vortex system
associated with the wing were described in Reference 1. However, the effect of the pylon needs
discussion .

In the current work, the pylon (apart from its geometry) is assumed to be characterized for fluid
mechanical purposes by three quantities:

* Drag coefficient, Cp,
* _Camber of the pylon
® Angle of attack experienced by pylon

The pylon is then assumed to operate at a location upstream of the CRP where it experiences an
axial velocity:

U(1 + kpapCpp + kgiagCpy)

where the additional terms “Crp, Crp” represent the slipstream contraction factors of the front and
rear rotors at the location of the pylon.

Based on this “freestream” flow velocity field, the total distortion components uy, v, (axial and
tangential) due to both lift and drag of the pylon at the leading edge plane of the CRP are calculated.
The lift related components are calculated from potential flow theory whereas the drag components
are computed from the usual semiempirical representations relating the wake velocity defect to the
drag coefficient.

However, knowledge of the distortion components up, v, at the leading edge plane of the rotor
is not directly convenient for unsteady force/noise calculations which are based on distortion
components “far upstream” of the CRP. To circumvent this difficulty the following procedure is
adopted.

Consider that the distortion velocity components at the leading edge plane (up, vp) are induced
by virtual components “far upstream” labelled as (Upeo, VPw). By the quasi-steady theory outlined
previously, we can write that:

Up =2 Upe, + bvp,,

and

The quantities “a”, “b” can be related to propeller aerodynamic quantities and their partial
derivatives with respect to advance ratio and speed ratio.
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Now in the present case (of the pylon induced distortion) we know up, vp. Then knowing “a",
“b”, we calculate the virtual components (Upoo, Vpeo) far upstream by the relations:

Vpo =Vp

Upes = (up - bv,)/a

The virtual components (Upes, Vpeo) Canl NOW be added to “far upstream” velocity distortions due
to angle of attack, aircraft wing induced flowfield, and fuselage induced flow.

We now address briefly an issue concerning the viscous wakes shed from the pylon. Since these
wake regions are thin, it is preferable to have an explicit formula for the Fourier components of the
wake rather than rely on numerical integration. The wake velocity defect function (for 0<6<2 twith
9 denoting an azimuthal angle) typically has a form:

£(8) =0 for 82(8, + o) or 6= (8,-a)

where “2a” is the wake width and @, is the center of the wake, and for (8, — ) <0<(6, + o):

2 1:(6—90))
f(B)—cos( T

We wish to determine the Fourier coefficients of f(0); i.e., represent it as:

f®) =a,+ Z (a, cos (n6) + b, sin(n6))
It can be shown that: 1

a, = a/2%

. _ . sin(an) | 1 o’n
(a,,b,) = (cos(nd,), sin (n8y)) * - {; + T aznz)]

If some “n” = “m”, “a.n” =« then the corresponding coefficients are:

(ag,b) = % (cos(m8,), sin (m8,))

Similarly an explicit expression for the Fourier components of velocity associated with the

circulation (potential flow) of the pylon is obtained. The conditions at a radius “a” are calculated
(see Figure 43)

The stream function ‘P satisfies:

2 2
Pv L _a_\;_:_ = Lsose-0,) ...

The right hand side can be written as:

8(x)
2ra

{ 1+2 Z (cos (n8) cos (nB,) + sin (nd) sin (nd O)IL
1 )
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Figure 43. Calculation of Potential Flow Fields Due to Pylon Bound Circulation.

Consider the components of the above for n>1.

v, = -2% exp( -nixl ) (cos (n6) cos (n8,) + sin (@) sin (ng,))
So that with _= %”‘;, v, = %’1:

u, = % exp ( % )(—cos (n®) sin (nB,) + sin (n@) cos (nd,))

nlx|
v, = i%m exp #) (cos (n@) cos (n@,) + sin (n) sin (nd,))

The relation of the viscous wake half width and of the centerline velocity defect to Cpp is taken
from semiempirical relations suggested in Reference 13.

The circulation per unit Span around the pylon required in Figure 43 can be estimated from thin
airfoil theory (Reference 14) as:

C=ncV, (a+v4)
where:

¢ = pylon chord

Vo = freestream fluid speed at pylon mid chord
@ = angle of attack on pylon

Y = pylon camber



2.2.5 Acoustic theory

Initially it was surmised that there would be no need to revise the acoustic prediction procedure
as presented in Reference 1 except that the procedure would be applied separately to the front and
rear rotors (more precisely to the BPF and higher harmonics of BPF tones of each rotor). To
recapitulate this procedure, based on the steady loading calculated in the absence of any installation
effects and the rotor geometry (for the steady thickness effects), a steady loading/thickness noise
contribution is first calculated presuming each propeller to operate in uniform axial flow. Next
unsteady loading and unsteady thickness source terms are evaluated for each propeller (based on the
quasi steady theory and calculated velocity distortions due to the angle of attack, fuselage, aircraft
horseshoe vortex system and the pylon) and once again noise due to the unsteady sources is
calculated by presuming the propeller to be immersed in a stream of uniform axial flow. The steady
and unsteady noise contributions are added with proper consideration of phase. As noted in
Reference 1, this procedure seemed adequate in predicting the angle of attack effects measured and
reported in Reference 15.

Initially this procedure was adopted and applied to the data reported in Reference 16 concerning
angle of attack effects on a CRP. Figures 44 and 45 show a theory—data comparison for the
installation effect on the BPF tone of the front rotor due to an angle of attack of 16°. The azimuthal
variation of the installation effect was obtained at an angle of approximately 104° relative to the
propellor inlet axis and hence theoretical predictions are shown for both 100° and 110°. Clearly there
is a very substantial underestimation of the installation effect due to angle of attack. Considering
the much better agreement obtained in case of Reference 15 (as reported in Reference 1), it may be
pointed out that the front and rear rotors of Reference 16 have a larger number of blades (11 and 9
compared to that of Reference 15 (4) and are also characterized by loading levels (e.g., lift
coefficient) much higher (3—4 times) than in case of Reference 15. Figures 44 and 45 are
representative of all the theory—data comparisons attempted with respect to the data of Reference
16 namely, a tendency for the theory to substantially underpredict the measured noise change due
to angle of attack.

Several avenues were pursued in an attempt to explain this significant theory—data discrepancy.
One avenue related to the angle of attack effect proved to be worth pursuing. This approach is
described in detail in Reference 3, and is outlined below. It actually pertains to a modification of
the steady loading/thickness noise due to the small cross flow component of the steady flow and may
be visualized by means of Figure 46. In this figure we show a steady source executing a circular
motion as would be characteristic of steady sources rotating with the blade. Also shown in the figure
is the uniform upwash provided by the cross flow due to angle of attack. Now the radiative efficiency
of a source depends on the relative velocity between the source and the fluid surrounding it and as
Figure 46 shows this relauve velocity (and hence the radiative efficiency) is modulated in a non
axisymmetric fashion due to the cross flow. This effect has been neglected in prior analyses.

To capture this effect, we proceed as follows. Including the cross flow (designated as “My” in
Figure 47), the acoustic pressure due to steady loading satisfies:
2 . . 3 A
D (1=M2) + pyy (1=M2) + pyy + 2)KM,Dy + 2kMypy = 2MM P+ Kp = ( 3afx L1 —{FJ
. X r

QU
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Figure 44. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 41.1/39.4 Degrees; rpm 7614/7674;
Axial Flow Mach Number 0.2; 16 Degree Angie-of-Attack; Symbols are Measured Data and Solid
Line is Prediction; 6measured = 104° and 6predicted = 100° Front Rotor BPF; Data Source is
Reference 16; Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 45. 11 x 9 Bladed 2.Foot-Diameter CRP; 75% Radius Pitch Angles 41.1/39.4 Degrees; rpm 7614/7674;
Axial Flow Mach Number 0.2; 16 Degree Angle-of-Attack; Symbols are Measured Data and Solid
Line is Prediction; fmeasured = 104° and 8predicted = 110° Front Rotor BPF; Data Source is
Reference 16; Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 46. Modulation of Radiation Efficiency
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Figure 47. Coordinate System for Convected Wave Equation Including
Cross Flow.
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where k = 0/c, all quantities have a time dependence as exp (—jwt), “c” is the speed of sound, My
and My are axial and cross flow Mach numbers,“fy, fo” are the force terms and j = -1 and pxx
denotes 32p/ox?, etc.

Let
fx=Fro €xp (jme) & (x) & (r-a)

fo=Ffoocxp (jme) & (x) & (r-a)

where “¢” is the azimuthal coordinate, and note that thus far it has been possible to solve the
above problem only to O(My).

Define the axial Fourier transform pair:

P= I p exp (—jox) dx

and
L i
P= - J.-“Pexp (jox) dx
Then to O(My), P satisfies:
P+ P +2jMP, (koM +| (k-aM) - o] P =j o —2e™
vy + Pz + 2iMP, (k-aM) + aM) " —a’|P=j|af,+ " foo| 8 (r—2)
Now let

P = P exp [ jyM,(k-aM)]

Then to O(M,), P satisfies:

o ) _ o _ i
P, + P+ |:(k—onM)2 - az] P =j[afm + (%‘-) f‘w] S(r—a)e’“"[l + My(k—aM) a ( 2 2e ﬂ
Let
Y= 4 (k—aM)z_az

Then
P = 2 [ (@a) foo+ mipo) exp[-iMyy (k-aM)] »

My M2

M, (k-aM)a

m+10@) H(nl\)u () ~ 3

[ci"w I HY () + gm0y () HY, (Yr)}
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We can now set x=R cos 6, r =R sin 6 and y = R sin 8 sin ¢ (see Figures 48 and 49) and carry
out an asymptotic evaluation of “p” for large R. The full details of this asymptotic evaluation are
not necessary and it suffices to note the following. Firstly in the evaluation of the “m” azimuthal
mode in the above there are small O(M,) shifts in the point of stationary phase (relative to the case
My =0). For the “m-1” and “m+1” modes we can use the point of stationary phase as for “My =
0 since these are O(My) contributions and hence relative to the “m” mode, these contribute as:

. —exp [-j(¢~r/2] M, (ka) y ( kasin v )
2 (1+M cos ) T\ 1+ Mcosy

I (~j(o/2] M, (ka) 1( kasin )
2 (1+M cos ) AT+ Mcos y

where the relation between “8” and retarded angular coordinate “y” is shown in Figure 48. Clearly
the “m~1" term contributes much more significantly than the “m+1" term. A virtually identical
treatment applies to thickness noise. Note that “ka = nBM,” where “n” is harmonic of BPF noise,
“B = number of blades” and “M, = wheel tip Mach number” at radius “a”.

This revised acoustic theory was applied both to the theory-data comparisons reported in
Reference 1 and the data of Reference 16.

2.2.6. Theory-data comparisons

The computer code developed and delivered under this program uses the revised acoustic theory
for steady loading/thickness noise and the old acoustic theory of Reference 1 (wherein the only mean
flow effect dealt with is a uniform, axial flow) for the unsteady loading/thickness noise. This
approach is consistent with the idea that at present only an O(M,) acoustic theory has been developed
where “M, " is the crossflow Mach number due to angle of attack. Also while the computer code has
provisions for considering installation effects due to sources other than angle of attack, the
theory—data comparisons shown herein are only for angle of attack and are restricted to data reported
in References 15 and 16. The coordinate system for “8,¢” is shown in Figure 49. All“8” coordinates
referred to in Figures 50 through 72 are current coordinates (as opposed to retarded coordinates).
All predictions are for the fundamental BPF tone of the relevant propeller and are for the noise
change due to angle of attack. Itshould be noted that, in common with the isolated rotors predictions
of Section 2.3.2, the predictions shown here are for the acoustic farfield, and while every attempt
has been made to ensure correspondence between the physical measurement location and that used
for the prediction, it would be misleading to assume that exact coincidence has been achieved. Also
in all of the predictions shown in Figures 44, 45, and 50 through 72, the phase lag due to unsteady
lift response is not included. Our assessment, as in Reference 1, continues to be that there is no
evidence that inclusion of this effect is warranted based on the theory—data comparisons for the angle
of attack effect. The applicability of linearized, two dimensional convected gust response formulae
to the present problem is highly dubious in any event.

In Figures 50 through 57, using the new acoustic theory, we show theory—data comparisons for
the SR-2 data of Reference 15 that were used in Reference 1. It can be seen that the comparisons
are at least as good as shown in Reference 1. At shallow angles to the propeller axis the sound
pressure levels tend to be low and hence it is not surprising that “discrepancies” between theory and
data appear large at these locations. The new effect discussed in Section 2.2.5 scales as “nBM,” and
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Figure 48. Relation Between Current (R, 0) and Retarded
Coordinates (R, ).
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Figure 49. 8, ¢ Coordinate System used for Theory Data Comparisons.

73



-5 ] ] ] J
0 50 100 150 200
]

Figure 50. Four-Bladed SR-2, 443 fps Tip Speed, 100 fps Forward Flight Speed,
Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-of-Attack) Versus 0, ¢ =0°
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Figure 51. Four-Bladed SR-2, 443 fps Tip Speed, 100 fps Forward Flight Speed,
Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-of-Attack) Versus 0, ¢ = 90
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Figure 52. Four-Bladed SR-2, 443 fps Tip Speed, 100 fps Forward Flight Speed,
Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-of-Attack) Versus 6, ¢ = 270°.
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Figure 53. Four-Bladed SR-2, 443 fps Tip Speed, 100 fps Forward Flight Speed,
Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-ol’-Attack) Versus ¢,0 = 90°.
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Figure 54. Four-Bladed SR-2, 745 fps Tip Speed, 100 fps Forward Flight Speed,

10r

Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-of-Attack) versus 6, ¢ =0°
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Figure 55. Four-Bladed SR-2, 745 fps Tip Speed, 100 fps Forward Flight Speed,

Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-of-Attack) versus 8, ¢ = 90°.
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Figure 56. Four-Bladed SR-2, 745 fps Tip Speed, 100 fps Forward Flight Speed,
Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-of-Attack) versus 6, & = 270°.
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Figure 57. Four-Bladed SR-2, 745 fps Tip Speed, 100 fps Forward Flight Speed,

Fundamental Blade Passing Frequency Noise. Acoustic Data Source
is Reference 15, Symbols are Measured Data, and Full Line is Theoret-
ical Prediction. Increase/Decrease of Noise Due to 9° Angle-of-Attack
(Relative to Zero Angle-of-Attack) versus ¢, 0 = 90°.
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Figure 58. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 41.1°/39.4%
rpm 7614/7674; Axial Flow Mach Number 0.2; 16° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; Omeasured = 104° and
6predicted = 100° Front Rotor BPF; Data Source is Reference 16;

Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 59. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 41.1°/39.4%
rpm 7614/7674; Axial Flow Mach Number 02; 16° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 6measured = 104° and
Opredicted = 110% Front Rotor BPF; Data Source is Reference 16;

Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 60. 11 x 9 Bladed 2.Foot-Diameter CRP; 75% Radius Pitch Angles 41.1°/39.4%
rpm 7614/7674; Axial Flow Mach Number 0.2; 16° Angle-of-Attack;
Symbols are Measured Data and Solid Line is Prediction; dmeasured
= gpredicted = 90°; Rear Rotor BPF; Data Source is Reference 16;
Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 61. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5%
rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; fmeasured = 104° and
gpredicted = 100°; Front Rotor BPF; Data Source is Reference 16;

Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 62. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5°;

rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; émeasured = 104° and
6predicted = 110° Front Rotor BPF; Data Source is Reference 16;
Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 63. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5°;

rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack;
Symbols are Measured Data and Solid Line is Prediction; 6measured
= fpredicted = 90° Rear Rotor BPF; Data Source is Reference 16;
Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 64. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5%
rpm 7633/7695; Axial Flow Mach Number 0.2; §° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; dmeasured = 67° and
gpredicted = 60°% Front Rotor BPF; Data Source is Reference 16;
Increase/Decrease of Noise Due to Angle-of-Attack. '
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Figure 65. 11x9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5%

rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 6measured = 67° and
opredicted = 70°% Front Rotor BPF; Data Source is Reference 16;
Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 66. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5°;
rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 0measured = 59° and
Opredicted = 60° Rear Rotor BPF; Data Source is Reference 16;

Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 67. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°36.5%
rpm 7633/769S; Axial Flow Mach Number 0.2; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 6measured = 129° and
Opredicted = 130° Front Rotor BPF; Data Source is Reference 16;

Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 68, 11 x 9 Bladed 2.Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°736.5°%
rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 6measured = 123° and
gpredicted = 120° Rear Rotor BPF; Data Source is Reference 16;

Increase/Decrease of Noise Due to Angle-of-Attack.

10 .
AA
AL
A
A 4 A 4
51
dB 4|
-5t
-10 | ! | | 1
0 100 200 300 400

$

Figure 69. 11x9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5%
rpm 7633/7695; Axial Flow Mach Number 02; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 9measured = 123° and
gpredicted = 130°; Rear Rotor BPF; Data Source is Reference 16;

Increase/Decrease of Noise Due to Angle-of-Attack.
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Figure 70. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5°%;
rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 0measured = 104° and
opredicted = 100° Front Rotor BPF; a 10% 1/Rev Axial Velocity Distortion
is Assumed; Data Source is Reference 16; Increase/Decrease of Noise Due
to Angle-of-Attack.
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Figure 71. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5°%

rpm 7633/7695; Axial Flow Mach Number 02; 8° Angle-of-Attack; Symbols
are Measured Data and Solid Line is Prediction; 6measured = 104° and
gpredicted = 110° Front Rotor BPF; a 10% 1/Rev Axial Velocity Distortion
is Assumed; Data Source is Reference 16; Increase/Decrease of Noise Due

to Angle-of-Attack.
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Figure 72. 11 x 9 Bladed 2-Foot-Diameter CRP; 75% Radius Pitch Angles 36.4°/36.5%
rpm 7633/7695; Axial Flow Mach Number 0.2; 8° Angle-of-Attack;
Symbols are Measured Data and Solid Line is Prediction; émeasured
= gpredicted = 90°; Front Rotor BPF; a 10% 1/Rev Axial Velocity Dis-
tortion is Assumed; Data Source is Reference 16; Increase/Decrease
of Noise Due to Angle-of-Attack.

locations. The new effect discussed in Section 2.2.5 scales as “nBM,” and pertains only to steady
loading/thickness noise. Thus it is not surprising that the new effect is not very consequential for
a lightly loaded, four-bladed propeller such as the SR-2.

In Figures 58 through 72, we show the theory data comparisons for the CRP data reported in
Reference 16. Several comments concerning these theory—data comparisons are noted below.

1. In cases where the measured “8” is not close to a multiple of 10°, predictions for
multiples of 10° bracketing the measured “6” are both compared with the data. Note
the previously stated reservations concerning establishing an exact correspondence
between measured and predicted “8”.

2. Figures 58 and 59 may be compared to Figures 44 and 45 (the data shown in these
figures are the same). A dramatic improvement is now evident with the revised
acoustic theory in terms of the substantial under prediction of the old acoustic theory
of the angle of arttack effect.

3. Several figures such as 60, 63, and 66 indicate that some aspects of the effects on
rear rotor noise are still significantly underpredicted. The rear rotor has fewer blades
(9 versus 11) than the front rotor and hence the predicted magnitude of the new effect
(recall the “mB,” scaling law for the new effect) is correspondingly smaller. Also
as far as unsteady effects are concerned, the steady and quasi-steady CRP theory
developed herein predicts a “smoothing” effect of the front rotor in terms of the
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rear rotor are also predicted to be smaller than on the front rotor, At any rate the
reasons for some of the discrepancies related to the rear rotor are not clear.

4. Insome instances, as in Figures 64, 65, 67,68, and 69, the data are incompatible with
the idea of installation effects due to a one per rev distortion as would occur with
angle of attack. In the case of Figure 67, all the measured data appear as increases
which is difficult to understand although it is possible that, as before, tone data at
this frequency was buried in the broadband background over some of the azimuthal
traverse. For the rest of these figures, the absolute magnitude of the increases in
decibels exceeds that of the decreases which is also hard to rationalize in the context
of a once per rev distortion. It may be noted that all the data pertaining to these
figures are for angular locations at shallower angles to the propeller axis where as
noted previously in the context of the data of Reference 15 , the sound pressure levels
are low making the assessment of installation effect more difficult in terms of
experiments.

5. Finally if we examine Figures 61, 62, and 63 (as a typical case), it would appears
that the maxima and minima of the data appear at larger “¢” with respect to the
theory for the front rotor and vice-versa for the rear rotor. For the CRP used in
Reference 6, the front rotor spins in the direction of decreasing “¢” (clockwise
forward looking aft) and hence this shift is incompatible with the idea of a phase lag
in lift response. This was checked by running the computer code including phase
lag which only made the shifts in Figures 61 through 63 appear larger. It may be
surmised however that when an elongated centerbody such as used in Reference 16
is placed at an angle of attack to the freestream and the rotors are placed aft of the
maximum diameter location of the centerbody, the propeller blades could exper-
ience a once per rev distortion of incoming axial velocity such that this velocity is
diminished on top and increased on the bottom. In Figures 70 through 72, a
calculation was carried out assuming the presence of such an axial velocity
distortion of magnitude 10% of the freestream velocity. Comparing these results
with Figures 61 through 63 (reproduced here), clearly a shift is obtained of the
theory which is in the right direction relative to the data. The purpose of this exercise
is to indicate that small distortions additional to the tangential velocity distortion
created by angle of attack can cause significant shifts of the predictions in the “¢”
direction even if the magnitudes are not much affected.

2.2.7 Concluding remarks

In this report an approach based on steady and quasi-steady aerodynamics of a CRP was
developed to predict both the steady loading/thickness BPF noise and the unsteady loading/
thickness BPF noise. Originally the acoustic theory used was as in Reference 1. Application of this
approach to the data of Reference 16 indicated a severe underestimation of the magnitude of the
effect of angle of attack on BPF noise from a CRP, A new idea has been developed in this report
based on the notion that the small crossflow due to angle of attack (designated as “My”) actually
profoundly alters the steady loading/thickness BPF noise (causing it to be azimuthally non uniform).
This effect may be far more important than unsteady loading/thickness noise for heavily loaded, high
tip Mach number propellers with a large number of blades. This effect has been calculated only to
O(My) in this report. Revised theory—data comparisons with data from Reference 16 indicate that
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the underestimation problem is substantially resolved especially for BPF noise from the front rotor
though significant underestimation of the magnitude of noise decreases due to angle of attack for
BPF noise from the rearrotor s still in evidence. Since the O(My) effect has itself proved to be large,
it is strongly recommended that research is needed to calculate the acoustic impact of the crossflow
more fully.
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3.0 Installed Counterrotating Turboprop Noise Analysis

3.1 Introduction

The ultimate test of a theoretical model is its ability to predict events that occur in real life —
outside the confines of a controlled experimental setup. During late 1986 and early 1987, a
full-scale, highly instrumented proof of concept UDF® engine was flight—tested in the Number 3
engine position (right hand side, aft looking forward) of a Boeing 727-100 aircraft (see Figure 73).
As a part of the flight test program, noise data were taken under “community noise” conditions using
ground plane microphones, while pressure transducers flush mounted on the fuselage were used to
acquire data at cruise. Additional data were taken by NASA personnel using a Learjet “chase”
airplane. The flight test program has been described by Harris and Cuthbertson in Reference 4, while
community noise aspects and comparisons with model data scaled to full size conditions were
addressed by Gliebe in Reference 17.

3.2 High Speed (Cruise) Flight Conditions

The computer program delivered under this Contract was used to predict nearfield noise at flight
Mach Nos. 0f 0.6,0.728 and 0.8. Pressure transducers were mounted on the fuselage in the locations
shown in Figure 74, but it should be noted that, as shown in Figure 75, no tones can be identified
in the signals seen by the transducers at the two upstream locations due to the level of the background
noise resulting from the fuselage boundary layer.

Comparisons of predicted and measured tone levels are shown in Figures 76 and 77. The UDF®
demonstrator engine was configured with eight F7 + eight A7 blades, with the rotors running at
approximately the same RPM, consequently the predicted levels in Figures 76 and 77 are comprised
of the sum of the contributions from the individual rotors. In making the predictions, the code
delivered under this Contract was used to obtain a free field level (with installation effects included)
along the fuselage. The rotor-alone components were then adjusted by means of the scattering
model delivered under the single rotation portion of this Contract (described in Reference 1) in order
to allow for the effects of the curvature of the fuselage and the presence of the boundary layer. This
model was derived for isolated rotors and only addresses scattering of the blade passing frequency
and its harmonics, however the neglect of rotor/rotor interaction tones is not expected to influence
the predicted levels in the region of the planes of rotation of the rotors under cruise conditions. Table
1 summarizes the conditions for which the comparisons were made.

The comparisons presented in Figure 76 were made at Fuselage Station 1303, in the plane of
rotation of the forward rotor. It can be seen that, at the three flight Mach numbers shown here, the
data and prediction are in very close agreement at the fundamental blade passing frequency tone
sum. As the harmonic order increases, discrepancies occur between prediction and measurement,
with the predicted levels falling off more rapidly than the data. Figure 77, where the comparisons
are made close to the plane of rotation of the aft rotor shows, again, the theoretical prediction falling
away more rapidly than the data as the BPF harmonic number increases, but also shows that, in this
location, the fundamental tone is overpredicted in all cases.To aid in the interpretation of these .
results and to assist in the identification of possible causes of discrepancies between prediction and
measurement, the data of Figures 75(c) and 75(d) were reanalyzed using a sampling rate equivalent
to a 1 Hz bandwidth. Given the differential in rotor speeds (approximately 40 rpm) this was
sufficient resolution to enable the identification of individual tones in the spectra. These reanalyzed
spectra are shown in Figure 78.
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Figure 75. Typical Fuselage Transducer Spectra - 35000 ft, Mach 0.728, EPR = 4.06.
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P6

Table 1. B727/UDF® Demonstrator Flight Test Conditions.
Pressure Alttitude
Test Altitude AGL A/C Mach
Case Condition (ft) (3] No EPR RPM1 RPM2
i 5.1 35090 0.800 397 1280.00 1240.02
2 52 35200 0.728 4,07 1270.00 1230.00
3 5.7 35170 0.600 4.07 1250.00 1170.00
4 1.2 4340 1637.12 0.255 3.05 1357.40 1293.10
5 7.2 4371 1669.13 0.251 282 1214.90 1211.30
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The predicted levels shown in Figure 76 include the effects of a 1—foot thick boundary layer as
calculated by the SRPFS program developed under this Contract (Reference 1). It is not
unreasonable to suppose, however, that the presence of the rotors in close proximity to the fuselage
would modify the flow over the fuselage in this region, and Figure 79 compares individual tone data
with levels predicted with no fuselage scattering effects (free field), and with the predicted effects
of 12 inch, 6 inch, and 3 inch thick fuselage boundary layers included. In Reference 1 it was shown
that the predicted fuselage (plus boundary layer) scattering effect was a strong function of axial
location relative to the plane of rotation, with attenuation occurring upstream and amplification
downstream. The fuselage stations at which the data were taken were located (approximately) at
the plane of rotation of each rotor; hence, Station 1303 (the forward rotor) is upstream of Rotor 2,
and Station 1330 (the aft rotor) is downstream of Rotor 1. The effects of axial location can be seen
in the plots of Figure 79 by comparing the “pred” bar with the different “scattered” results. Figures
79(a) and 79(c) compare measurement with prediction at fuselage Station 1303 for forward and aft
rotor BPF harmonics respectively. It appears thatreasonable agreement between data and prediction
for this 0.728 flight Mach No. case is obtained for both rotors if it is assumed that the fuselage
boundary layer is 3 inches thick rather than the 12 inches assumed earlier. In the plane of rotation
of the aft rotor, Figures 79(b) and 79(d), it appears that, with the exception of the aft rotor BPF tone,
the data and prediction are not in very good agreement. For the forward rotor (Figure 79(b)) the
“unscattered” level is, by itself, greater than the data, and with the amplification from the scattering
analysis the predicted levels increase even more. It is possible that, in addition to the uncertainties
introduced by the action of the rotors upon the flow in the region between the blade tips and the
fuselage, the fact that the fuselage surface is tapered rather than cylindrical in this region may affect
the measured levels. A further cause for discrepancy between measured data and predicted levels
may be the boundary layer profile shape assumed by the scattering model. This automatically
computes a flat plate (“Blasius”) profile for the boundary layer under consideration, which is
probably far from the truth in the situation under consideration. No study of the effects of profile
shape on the predicted scattering effects has been made. Figure 79 demonstrates that while the
computer programs delivered under this Contract predict the noise from model blades measured in
a controlled environment with a high degree of accuracy, in the “real airplane” environment there
are factors affecting the physics of the problem that are not treated sufficiently rigorously.

One known physical difference between the wind tunnel and flight cases was that the blade
coordinates used to generate the predictions reported above were those of the F7A7 model blades,
scaled to the appropriate diameter for the full-scale engine. In real life, because of mechanical
limitations, the full~ scale blades flown on the demonstrator aircraft were not exact replicas of the
scaled—up model blades, and it was postulated that some of the differences between Kulite data and
prediction discussed above could arise from these differences in hardware. Fortunately, as reported
in Reference 18, fuselage Kulite data are not the only source of information on the noise signature
of the full-scale UDF® demonstrator engine. Figure 80 (taken from Reference 18) showsthe NASA
Learjet in formation with the B727 demonstrator aircraft, together with microphone locations at the
nose and wingtip of the Learjet. Figure 81 compares data from Reference 18 with predicted levels
under conditions that were similar to those of Figure 79. (The authors of Reference 18 question the
quality of the nose-mounted microphone data, but they are included here for completeness). It is
noticeable that, with the exception of the measurements at 34° observer angle, agreement between
prediction and wingtip microphone data is good, thus lending support to the view that discrepancies
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in the fuselage data/theory comparisons are a function of the fuselage scattering model. It is not
known, however, whether the model itself is in error, or if insufficient knowledge with regard to
the input required is giving rise to erroneous results. In fact, given the agreement in directives
between the tone data measured by the Learjet microphone and the prediction, it has been suggested
that the apparent change in source directivity proposed by Hanson and Magliozzi (Reference 19)
is in evidence in the fuselage results. Why this should appear under these conditions, but not in the
wind tunnel results of Section 2.1.3.1 is, at present, unclear.

Comparisons of results predicted by the code delivered under this Contract with data taken under
cruise conditions for a “real” aeroplane/engine combination have demonstrated that differences
between prediction and measurement can be related to the fuselage scattering model.

3.3 Low Speed (Community Noise) Fiight Conditions

In addition to the high speed flight test program described above, the B727/UDF® demonstrator
aircraft was flown under simulated “community noise” conditions in order to investigate the
procedures used to scale model data to full size (Reference 17) and to validate the prediction model.
The data were taken with a ground plane microphone and are compared with prediction in Figures
82 and 83 at 100% and 80% thrust conditions (cases 4and 5 of Table 1) respectively. Two predictions
are shown in each figure; the first, “uninstalled”, represents the output from the isolated
counterrotation model; the second, “installed”, includes installation effects, but on the BPF
harmonics only. It can be seen (Figures 82(a) and 83(a)) that inclusion of the installation effects
improves the comparison for the fundamental BPF tones, however, (Figures 82(b), 82(c), 83(b) and
83(c)) for the higher harmonics of BPF the levels are dominated by the unsteady rotor/rotor
interaction tones, with the individual rotor BPF harmonics (even with installation effects included)
contributing a negligible portion of the tone energy.

Figures 82(a) and 83(a) demonstrate that, even with the installation effects included, the level
in the forward arc is underpredicted. In spite of this discrepancy, it is felt that, overall, for these two
flight conditions, the agreement between data and prediction is extremely good.
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4.0 Conclusions

The isolated counterrotating propfan noise prediction program developed at GE Aircraft
Engines under internal funding has been compared with data from scale model tests under both low
and high simulated flight Mach Number conditions. Comparisons have been made for a total of five
blade design combinations and the predicted results show good agreement with the measured data
under both low and high speed conditions.

The single rotation installation effects model developed under this Contract has been extended
to counterrotation, and the effect of a mounting pylon, upstream of the forward rotor, has been
included in the analysis.

A nontraditional mechanism concerning the acoustic radiation from a propeller at angle of attack
has been investigated. Predictions made using this approach have been compared with scale model
data and show results that are in much closer agreement with the measurements over a range of
operating conditions than those obtained via traditional fluctuating force methods.

The isolated rotors and installation effects models have been combined into a single prediction
program, results of which have been compared with data from the flight test of the B727/UDF®
engine demonstrator aircraft. It has been shown that uncertainties concerning the nature of the flow
field in the region between the blade tips and the aircraft fuselage lead to difficulties in the successful
prediction of data taken with Kulites mounted in the fuselage, but that data taken with the NASA
Learjet under cruise conditions and with ground plane microphones under community noise
conditions compare well with predicted levels.

The satisfactory comparisons between prediction and measured data for the demonstrator
airplane, together with the identification of a nontraditional radiation mechanism for propellers at
angle of attack constitute the major achievements of this Contract.
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