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This paper describes an assessment of current fan noise prediction tools by comparing measured and pre-
dicted sideline acoustic levels from a benchmark fan noise wind tunnel test. Specifically, an empirical method
and newly developed coupled computational approach are utilized to predict aft fan noise for a benchmark test
configuration. Comparisons with sideline noise measurements are performed to assess the relative merits of
the two approaches. The study identifies issues entailed in coupling the source and propagation codes, as well
as provides insight into the capabilities of the tools in predicting the fan noise source and subsequent propaga-
tion and radiation. In contrast to the empirical method, the new coupled computational approach provides the
ability to investigate acoustic near-field effects. The potential benefits/costs of these new methods are also com-
pared with the existing capabilities in a current aircraft noise system prediction tool. The knowledge gained in
this work provides a basis for improved fan source specification in overall aircraft system noise studies.

I. Introduction

The prediction of aircraft engine noise, a primary source of sound from aircraft, is important for addressing the
issues of community and cabin noise. Accurate fan source modeling was an issue identified in a previous study' aimed
at coupling high fidelity codes to investigate the acoustic shielding benefits of a Hybrid Wing Body (HWB) configu-
ration. Fan noise prediction methods vary from empirical to fully computational, with Computational Aeroacoustics
(CAA) methods at the far end of the computational spectrum. Empirical methods are attractive since they tend to
require minimal computer resources and run times. However empirical methods are limited in application in that they
can not be confidently used for fan designs that deviate significantly from those upon which the empirical method is
based.

In contrast, computational methods rely on first principles, and in some instances, phenomenological considera-
tions of the noise generation and propagation processes. Such methods have been developed for a number of fan noise
sources and specific configurations.>™ The use of these methods requires more expertise than the empirical models
and often require access to fairly detailed aerodynamic and geometric input parameters from independent measure-
ments and computations. As such, these methods can require significantly more computer resources and run times
compared to the empirical methods, but potentially offer a level of fidelity that allows more accurate assessment of
current designs and development of noise reduction strategies.

This paper describes a further assessment>% of current fan noise prediction tools via comparison with measured
sideline acoustic levels from a benchmark fan noise test. Specifically, an empirical method and a new coupled com-
putational approach are used to predict rotor-stator interaction noise from a benchmark configuration. Rotor-stator
interaction noise, which is the tone or broadband noise produced as a result of the interaction between the fan wakes
and fan exit guide vanes, continues to be of interest since it can be a dominant engine noise source. In the sections to
follow, the chosen empirical method, the Aircraft NOise Prediction Program (ANOPP),7 is described. The individual
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components of the computational approach, which are coupled here for the first time, are then discussed and the cou-
pling process summarized. Comparisons of predictions in the far-field, as well as with sideline noise measurements,
are performed to assess the relative merits of the two approaches. In particular, the potential benefits/costs of the new
coupled computational approach are also compared with those of the existing empirical aircraft noise system predic-
tion tool. The study is intended to give a view of the issues entailed in coupling the source and propagation codes, as
well as provide insight into the capabilities of the tools in predicting the fan noise source and subsequent propagation
and radiation. The knowledge gained in this work provides a basis for improved fan source specification in overall
aircraft system noise studies.

II. Experimental Test Cases

The selected fan noise test cases for this study are taken from a previous assessment of fan noise prediction
capabilities® involving an ultra-high-bypass ratio fan stage called the NASA/PW Advanced Ducted Propulsor (ADP)
Fan 1. The 22-inch diameter rotor was tested in the NASA Glenn 9-Foot by 15-Foot (9°x15”) acoustic wind tunnel
(see Figure in which sideline, as well as in-duct, acoustic measurements were acquired. The ADP fan,%? the cross-
section of which is shown in Figure[2] has a relatively low stage pressure ratio of 1.29 and a subsonic design corrected
tip speed of 840 ft/sec. The fan stage has 18 blades, 45 fan exit guide vanes, and 63 core inlet vanes. This fan has a
design bypass ratio of 13.3 and its subsonic design tip speed avoids the generation of multiple pure tones. The speed
conditions considered, the details of which are provided in Table[I] are representative of the three certification points
(approach, cutback, and takeoff), as well as two intermediate fan blade tip speeds.

A. Test Facility and Acoustic Measurements

The 9°x15” wind tunnel, a schematic of which is shown in Figure 3] is an open-loop, continuous-flow, anechoic wind
tunnel facility. Acoustic measurements are acquired using a traversing microphone along the sideline placed 89.3
inches (approximately four fan diameters) from the fan axis. Data were taken at 48 positions in 2.5-degree intervals
starting at 25°from the fan axis with 0° being the forward position upstream of the fan. Additionally, to obtain more
angular coverage in the aft quadrant, three fixed microphone probes are placed in the rear of the test section. Together,
the traversing probe and the fixed microphones result in 51 measurement locations that cover sideline emission angles
(based on 0.1 Mach number) ranging from 25° to 158° relative to the mid-chord of the fan. All measured and predicted
results in the study are referenced to these emission angles, herein also referred to as sideline angles.

In addition to sideline acoustic measurements, a rotating rake!? measurement system was used to provide a map
of the acoustic duct modes present in the fan duct. The system consists of a continuously rotating radial microphone
rake that is inserted into the fan duct in such a manner that the pressure profile may be separated into circumferential
modes. The radial modes are obtained through a least-squares fit to these circumferential modes using the hard-wall
cylindrical Bessel functions as the basis functions.

ITII. Prediction Code Descriptions

Although more detailed discussions of the codes have been presented elsewhere, a description of the current
empirical method included in ANOPP and the new coupled computational approach are provided. After introducing
the ANOPP methodology, the individual components of the computational approach and the coupling procedure are
described.

A. Aircraft NOise Prediction Program (ANOPP)

NASA introduced the Aircraft NOise Prediction Program’ (ANOPP) approximately 30 years ago to provide a ca-
pability for predicting the noise from aircraft in flight. ANOPP consists of a set of functional modules that com-
pute atmospheric properties, aircraft flight path, source-to-observer geometry, source noise of the aircraft components
(propulsion systems and airframe), propagation of the source noise to ground observers, and community noise met-
rics. NASA initiated the development of ANOPP to provide the U.S. Government with the ability to independently
(1) assess aircraft system noise, (2) assess aircraft component noise, and (3) evaluate aircraft noise technologies and
flight procedures. To meet these goals, the prediction methodologies that have been implemented within ANOPP are
predominantly empirical or semi-empirical in nature. Many of the prediction methods work well for conventional
aircraft designs, but lack capability and fidelity required for non-conventional configurations.
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There are a number of modules in ANOPP to model the various aircraft engine and airframe noise sources. The
particular source noise module used in this study is the Heidmann Fan Noise (HDNFAN) module found in ANOPP
Level 27, version 1. This empirical fan noise module actually contains 3 options for fan noise prediction. The first
option is the original Heidmann method which is based on a method developed by the Boeing company and later
improved by full-scale data acquired under the direction of M. F. Heidmann'! in 1975. This original method is
the foundation for the other 2 options, which are modifications to provide prediction capabilities for fans outside the
original database. The second option was developed by Honeywell'? to improve predictions for small turbofan engines
in 2,000 to 6,000 pound full-scale thrust range. The third option was developed by GE Aircraft Engines'3 to improve
predictions for large fans found on engines with full-scale net thrust on the order of 60,000 pounds. To compare with
the measured ADP results the GE modification to the original Heidmann method is employed. This method is based
on data that is most representative of the ADP design.

HDNFAN predicts five fan noise components; inlet and aft radiated broadband noise, inlet and aft radiated rotor-
stator interaction tones, and for supersonic tip speeds, combination tone noise. The effect of inlet distortion and inlet
guide vanes are also modeled in this method. The general form of each component noise spectra is given as

where p?(f,0) is the far-field mean-square acoustic pressure, f is the one-third octave band center frequency, and 6
is the sideline angle. The mean-square acoustic pressure for each component is then assumed to have the form

) At
P (f?e) ~ 47rf2D(9)S(f)

where A is the normalized annular flow area at the fan face, 7 is the normalized source to observer distance, IT is the
overall acoustic spectrum level, D is the directivity function, and S is the spectrum shape. The procedure predicts a
spectrum shape, spectrum level, and free-field directivity for each of the noise components. The total noise spectrum is
then obtained by summing the component spectra on an energy basis. This is done for each sideline angle considered.
For this study, only the aft radiated rotor-stator interaction tone component is considered. The spectrum shape, S, is
predefined and positioned within the frequency domain based on the blade passage tone frequency of the fan. The
spectrum level is determined based on the temperature change across the fan, the mass flow rate, the relative fan tip
Mach number, and the rotor-stator spacing. It should be noted that for this method the acoustic directivity function
depends only on the sideline angle, 6. The change in fan RPM which could potentially result in a shift in peak
directivity is not captured. The peak for the rotor-stator interaction tones will always occur between 120 and 130
degrees independent of the fan operating condition.

B. LINFLUX

In the first step of the coupled computational approach to fan noise source predictions, the LINFLUX® ' code is used
to compute the rotor-stator interaction tones generated as a result of the mean perturbations in the fan rotor wake
impinging on the stator. This code provides a frequency-domain, three-dimensional, linearized inviscid description
of the unsteady flow. The underlying mean flow (also three-dimensional and inviscid) is representative of the flow
through a realistic stator.

Although the required nonlinear mean flow can be computed using any suitable inviscid code, a serial version of
the TURBO'# steady aerodynamic code was used. Subject to this mean flow and specified wake perturbation input,
LINFLUX calculates perturbation density, momenta and internal energy everywhere in the domain. In addition to the
field solution, the tone sound pressure level and acoustic power level upstream and downstream of the stator are also
available. In this study, the objective was to resolve the second?|harmonic of the blade passing frequency (i.e., 2xBPF)
tone and predictions for the ADP from a previous assessment of fan noise prediction capabilities were available.
An indication of the accuracy of these predictions was obtained by comparison with the aforementioned rotating rake
data. Since the computational outflow boundary was well upstream of the rotating rake measurement stations, the data-
theory comparisons were made on an acoustic power level basis, which was considered to be conserved, at least for
the non-swirling flow downstream of the stator. Comparisons of the downstream-radiated noise (i.e. the exhaust noise)
for the 2xBPF tone as a function of the tip speed are shown in Figure[d The predictions agreed with the measurements
to within the experimental uncertainty band at lower fan tip speeds, but deviated from the measurements at higher fan
tip speeds. The uncertainty margin in the measured tone power level was +3.4 dB, which is indicated by the errors

2The first blade passage frequency is cut-off given the blade/vane ratio
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bars on the experimental data. Note that this uncertainty includes modeling error resulting from the use of hardwall,
plug flow duct modes in the rotating rake analysis when shear flow basis functions would be more appropriate. This
error was also incurred when the LINFLUX source information was transferred to the duct propagation code.

C. CDUCT-LaRC

To predict sideline acoustic levels and compare with measured data, the predicted fan noise source information from
LINFLUX is passed to the CDUCT-LaRC duct propagation and radiation code. This code calculates the propagation of
a given acoustic source ahead of the fan face or aft of the exhaust guide vanes in the inlet or exhaust ducts, respectively.
Subsequent to the propagation calculations, the code has the capability of computing the noise radiation field outside
the duct. CDUCT-LaRC development has been directed toward the efficient modeling of many of the issues that make
propagation and radiation analysis in three-dimensional acoustically lined ducts complex. These include:

1. The duct may have a non-uniform circular or annular section. As a result, the flow in the duct may be nonuni-
form.

2. There may be a pylon and a bifurcation in the exhaust duct resulting in one or two C-shaped regions. This will
completely change the character of acoustic wave propagation from that of an annular duct.

3. The acoustic lining on the duct wall may be nonuniform (i.e. circumferentially and radially segmented).

The CDUCT-LaRC code is composed of five distinct modules: 1) input and output specification, 2) Computational
Fluid Dynamics (CFD) and acoustic grid generation, 3) background flow calculation, 4) duct acoustic propagation, and
5) duct acoustic radiation. These modules are coupled within a framework to model duct propagation and radiation.
All of the modules that currently make up CDUCT-LaRC framework have been discussed previously'> and are utilized
in this study. However, this discussion will focus on the propagation and radiation modules, as they are most pertinent
to this investigation.

The duct propagation module is based on the CDUCT code developed by Dougherty and extended by Lan.'8
It utilizes a parabolic approximation to the convected Helmholtz equation and offers a computationally efficient model
that accounts for the complexities listed above. The CDUCT-LaRC code has been extended to allow a user to automat-
ically perform multi-block propagation calculations. The grid connectivity is determined and data is transferred from
upstream to downstream blocks without user intervention. Results of the propagation module include the acoustic
potential or pressure within the duct. These results may then be utilized by the radiation module for acoustic radiation
calculations.

The duct radiation module is based on the Ffowcs Williams-Hawkings (FW-H) equation with a penetrable data
surface which has been shown to generally provide better results than the Kirchhoff formula for moving surfaces.!”
Based on the background flow conditions and propagation solution on a given source surface, this module calculates
the radiated acoustic pressure at various observer locations. The source surface may be taken to be the nacelle inlet or
exhaust plane for inlet or aft-fan cases, respectively. Additionally, the effect of the shear layer on the aft radiated noise
can also be accounted for within the CDUCT-LaRC framework.?%2! In this approach, the CDUCT-LaRC bypass duct
propagation calculation is extended to a *pseudo-duct’ beyond the exhaust plane. The outer surface of the ’pseudo-
duct’ is defined by the shear layer surface upon which a boundary condition similar to an acoustic liner boundary
condition is applied. The development of the boundary condition is based on the satisfaction of two conditions:

16,17

1. The particle displacement must be continuous across the shear layer.
2. The acoustic pressure must be continuous across the shear layer.
This?® results in an impedance boundary condition on the external surface of the form

U2
=2 (1)
Unl

where u, is the acoustic velocity normal to the shear layer, z is the normalized acoustic impedance, and the subscripts
1 and 2 designate regions inside and outside the shear layer, respectively.
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IV. Implementation

Before proceeding to a discussion of the results, a few aspects of the coupled LINFLUX/CDUCT-LaRC imple-
mentation should be addressed. The first was alluded to previously and involves the specification of mean flow Mach
number and source acoustic potential for propagation calculations. Figure[5]illustrates the computational grid topology
used in the coupled predictions. The LINFLUX computational domain is shown upstream as a red wireframe grid and
is seen to encompass the axial extent of the exit guide Vanes[ﬂ The block used for interior duct propagation is shown
in green wireframe and the *pseudo-duct’ is shown in blue wireframe at the furthest downstream extent. It can be seen
that the source plane for the propagation calculations is located at the outflow boundary of the LINFLUX computa-
tional domain. Although non-uniform flows may be considered within CDUCT-LaRC, the mean flow for the current
study was assumed to obey a one-dimensional Mach-Area relation. The initial Mach number at the CDUCT-LaRC
source plane was obtained by averaging the mean flow over the LINFLUX outflow boundary.

The acoustic potential at the source plane was similarly specified using LINFLUX data. While CDUCT-LaRC can
accept arbitrary source specification (i.e. it is not a modal code), it is often convenient to specify the acoustic source
distribution in terms of duct modes. For situations in which the source pressure is available, this greatly simplifies
the conversion to the required acoustic potential. In light of this, the LINFLUX perturbation pressure solution at the
outflow boundary was decomposed into hardwall, shear flow duct modes. Resultant modal source information for each
of the speeds considered is provided in Table[2] The source acoustic potential distribution was then reconstructed using
this modal amplitude and phase information. Hardwall cylindrical Bessel functions were used in this reconstruction,
which is consistent with the assumed mean flow profile. Differences between the shear flow and plug flow modes have
previously been investigated® '* and neglecting them in this initial investigation was considered acceptable. However,
the uncertainty in the source specification must be kept in mind when ultimately comparing predicted and measured
results.

A final aspect of the prediction process that warrants further explanation is the implementation of the shear layer
model. Following results from previous investigations,?%2! the impedance obtained from Equation |1/ for the lowest
order radial mode at the given circumferential mode, m, was used for all radial modes at that mode number, m.
Therefore, in all speed cases considered, the shear layer impedance value for the m = —9, n = 0 mode was used for all
subsequent radial modes. This meant that only a single impedance value was required and allowed all radial modes to
be considered in a single calculation. To qualitatively illustrate the *pseudo-duct’ calculation, an example for the 5425
speed case is shown in Figure[6] Here, contours of the real part of acoustic potential are shown in the interior block
and ’pseudo-duct’. The exposed (i.e. outer radial and axial) *pseudo-duct’ surfaces are then used as source surfaces
for the subsequent FW-H acoustic radiation calculations. In these and subsequent cases, the propagation calculations
were performed on an internal computational domain having (25, 176, 65) points and a *pseudo-duct’ domain having
(25, 176, 89) points in the radial, circumferential, and axial directions, respectively. This grid resolution was well
above that required for the given conditions. However, it was maintained due to the efficiency of the CDUCT-LaRC
predictions, as a complete three-dimensional propagation and acoustic radiation prediction took approximately one
minute on a single workstation 2.66 GHz CPU.

V. Results and Discussion

Acoustic results are presented at a number of observer locations in addition to the specific sideline locations in
the 9°x15’ test. For the purpose of assessing the effects of the shear layer and identifying near-field/far-field regions,
LINFLUX/CDUCT-LaRC predictions were made on multiple observer arcs centered on the mid-chord of the fan with
180° being the aft downstream position. The radius of each subsequent arc was doubled to more easily identify the
acoustic far-field. These calculations also provided the opportunity to investigate the change in directivity due to the
inclusion of the shear layer modeling. The next set of results entail comparison of the LINFLUX/CDUCT-LaRC and
ANOPP predictions on far-field arcs for aft rotor-stator interaction noise only. These are followed by a final set of
results involving the comparison of the LINFLUX/CDUCT-LaRC predictions with the measured sideline data.

A. LINFLUX/CDUCT-LaRC Far-Field Predictions

To identify the acoustic far-field, initial LINFLUX/CDUCT-LaRC predictions were performed on a series of observer
arcs centered on the mid-chord of the fan. The radius of the initial arc, Ry, was specified to be approximately 4 fan
diameters (i.e. Ry ~ 4D). Subsequent observer arcs were created by successively doubling the arc radius until a value

YHere, only one of the 18 fan blades and one of the 45 exit guide vanes are shown to simplify the figure
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of Rs = 32Ry was reached. Two ’pseudo-ducts’ having axial extents of approximately 5 and 10 times the annular
duct radius (#max — rmin) Were also utilized. The predicted results at aft sideline emission angles are shown in figure
(as symbols) for the 5,425 corrected RPM case using the shorter ’pseudo-duct’. Only the aft sideline angles (i.e.
90° — 160°) are included because the specified source is intended to model only the 2xBPF aft rotor-stator tone. The
symbols are connected by lines for illustrative purposes only. Near-field effects are present in the first few observer
arcs (i.e. < Ry ~ 16D), as the character of the directivity pattern continues to change until at least R3. A spherical
spreading behavior (i.e. 6 dB reduction as the radial distance doubles) is observed for arcs of radius R3 to Rs. A shift in
the peak directivity is also noticeable as the maximum level moves forward from 140° to approximately 120° — 125°.
The 9°x15° measured data was obtained at locations in the range of the Rjand R; arcs and therefore will most likely
contain near-field effects.

The presence of the shear layer will affect the far-field directivity pattern. To further illustrate this effect, a com-
parison of predicted results on R3 with and without the shear layer is provided in figure 8] It is seen that the shear
layer has a refractive effect on the radiated acoustic waves and the predicted peak directivity angle moves forward.
Due to the nature of the prediction without the shear layer, sideline angles less than 105°are not included in this figure.
Without the inclusion of a *pseudo-duct’, the propagation solution in the duct exhaust plane (i.e. the outflow boundary
of the CDUCT-LaRC internal propagation block) is taken as the source surface for the FW-H radiation prediction.
This leads to predictions that are symmetric about the duct exhaust and not applicable for sideline locations forward of
that axial location. When the shear layer is taken into account, the FW-H source surface is comprised of the exposed
"pseudo-duct’ surfaces and this situation is avoided. Similar results were obtained for both *pseudo-duct’ lengths and
the shorter length was therefore used for subsequent predictions.

B. LINFLUX/CDUCT-LaRC and ANOPP Comparisons

Identification of the acoustic far-field in the LINFLUX/CDUCT-LaRC predictions allows for meaningful comparison
with the ANOPP predictions in which far-field assumptions are inherent. Therefore, ANOPP predictions, which
included only the aft radiated rotor-stator interaction (Aft RSI) tone component, were made for the ADP at the five
speeds previously specified. The predictions for this component followed the same approach and input parameters as
those outlined in previous assessment work.® Subsequent comparisons were also made on a one-foot lossless basis for
consistency with this previous study. While the LINFLUX/CDUCT-LaRC predictions were carried out for the single
2xBPF frequency, the ANOPP predictions are obtained in one-third octave bands. All of the energy in the one-third
octave band containing the 2xBPF frequency was assumed to be associated with the 2xBPF tone.

The results for all five fan speeds are presented in figures OfTT] In these cases, the LINFLUX/CDUCT-LaRC
predictions were made on the Rs arc at one-half degree intervals and are therefore shown as a continuous line and the
specific measurement locations identified with circles. These higher resolution predictions were made to more clearly
illustrate the details of the directivity pattern. ANOPP predictions were performed only at the measurement locations
and are identified with squares.

One feature consistent over the various fan speeds is the lobed character of the LINFLUX/CDUCT-LaRC predic-
tions. This is to be expected due to the nature of the source description. The ANOPP predictions, which are made over
one-third octave bands, do not include this source detail in the empirical directivity function. Location and width of
the peak directivity are additional features of interest. At the low speeds, the LINFLUX/CDUCT-LaRC and ANOPP
predictions are in general agreement. Conversely, at the higher fan speeds, the LINFLUX/CDUCT-LaRC predictions
show broader peaks that tend to shift toward aft angles. This characteristic is also absent from the ANOPP predictions
due to the fact that the acoustic directivity function does not depend on fan speed.

C. Sideline Data Comparisons

Investigation of the previous far-field predictions indicate that direct comparison of these results with the measured
sideline data is not appropriate. For further verification, LINFLUX/CDUCT-LaRC predictions were made at the
measurement locations and then projected back to a one-foot arc on a lossless basis. These results were then compared
with those obtained on the R5 far-field arc, as shown in figure ['1;2] for the 5,425 RPM case. Here, the one-half degree
increment far-field predictions are again shown as a continuous line and the sideline predictions, which were made
at the microphone locations, are identified with circles. The location of peak directivity clearly has shifted forward
in the far-field predictions and deviations between the two predictions of up to 10 dB are visible. This indicates that
the sideline predictions most likely contain some near-field effects and this behavior was evident over all speed ranges
considered. In light of this, for comparison with the measured data, LINFLUX/CDUCT-LaRC predictions at all fan
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speeds were made at the measurement locations and projected to a one-foot arc on a lossless basis. The ANOPP
predictions are inherently far-field in character and therefore not included in the comparisons with the sideline data.

As with the previous LINFLUX/CDUCT-LaRC and ANOPP comparisons, frequency content and source informa-
tion must be addressed in comparing with the measured data. Again, the LINFLUX/CDUCT-LaRC predictions were
performed at a single frequency (2xBPF) using the rotor-stator interaction tone source information from LINFLUX.
The measured data contains contributions from all source components and was obtained in 5.9 Hz bands. In light of
this, measured spectra at sideline angles consistent with rotor-stator interaction were investigated. Acoustic levels in
the frequency band containing the 2xBPF frequency, and the two adjacent bands, were found to be on the order of 10
dB higher than those in neighboring bands. Therefore, energy in these three frequency bands was taken to belong to
the interaction tone. In spite of this attempt to isolate the contribution of the interaction tone, it is important to note
that the measured data likely contains contributions from a number of other noise sources.

Bearing in mind the aforementioned points, comparisons between the LINFLUX/CDUCT-LaRC predictions and
measured data are presented in figures [I3]-[I5] An estimated &1 dB uncertainty level in the measured data is indi-
cated by error bars and adjacent values are connected by solid lines to more clearly delineate trends in measured and
predicted data. The full range of aft sideline angles are presented in [I34] to illustrate a baseline data set. However,
recalling that only the main interaction (m = —9) modes were included in the prediction source (i.e. additional modes
that may be important are not included), it is the predicted peak levels that are of interest in this initial study. In fact,
without including these additional modes, it is problematic to make quantitative comparison between the predicted
and measured data at locations away from the peak levels. Previous ADP experimental studies®?%2* showed typical
peak acoustic levels to occur in the vicinity of the 136° measurement location. Therefore, subsequent comparison with
measured data focused on sideline angles greater than 120°, as seen in figure[I3b] For this low speed, good agreement
is obtained in both the peak radiation level (within the experimental uncertainty) and location (within approximately 5
degrees). Similar trends are found, with greater deviation in peak level, for the intermediate (6,700 RPM) and cutback
(7,525 RPM) fan speeds

Progressing to the high speed cases of figure it is seen that the LINFLUX/CDUCT-LaRC predictions exceed
the measured data at large angles for the higher speed. This trend is consistent with the comparison of predicted
LINFLUX and measured in-duct acoustic power levels as seen in figure d] At the higher fan speeds, the LINFLUX
predicted in-duct power levels are on the order of 7 dB above the measured values, which in turn contributes to the
over-prediction of the sideline acoustic levels. The lobed character of the directivity pattern discussed previously may
also lead to some of the discrepancy. However, predictions for the 8,345 RPM case, which showed similar behavior
in the far-field, do not appear to be consistent with other results. The source information in table 2] may provide some
insight, as an additional radial mode is cut-on at the next (slightly) higher fan speed. However, this is speculative and
there is currently no apparent cause for these anomalies at this speed. In general, considering the various assumptions,
fair comparison of the peak directivity location is obtained (less than 8 degrees) for fan speeds up to the cutback
condition.

VI. Concluding Remarks

In this study, a new coupled computational approach for fan noise prediction was developed and presented. The
issues involved in this initial coupling of the LINFLUX and CDUCT-LaRC codes for the prediction the 2xBPF rotor-
stator interaction tone of the ADP were discussed. Direct comparison with measured sideline data was problematic at
off-peak directivity locations due to the presence of additional sources in the measured data. Overall, fair agreement
between the predicted and measured peak directivity levels and locations for fan speeds up to the cutback condition
were obtained consistent with the assumed rotor-stator interaction tone source. The coupled LINFLUX/CDUCT-LaRC
predictions showed variability with respect to sideline angle and fan speed that was similar to the measured data. These
characteristics were not present in the empirical ANOPP predictions. The LINFLUX/CDUCT-LaRC approach also
afforded the ability to perform predictions at the microphone locations to account for the possibility of near-field
effects in the measured data at the frequencies of interest. This capability was not available in the inherent far-field,
one-third octave band ANOPP predictions. These initial comparisons demonstrate that a numerical approach, such as
the coupling of LINFLUX and CDUCT-LaRC, can provide an efficient method for the investigation of specific engine
noise source mechanisms. Future work will focus on validation and inclusion of additional extraneous modes in the
tonal source description and inclusion of other fan sources (i.e. broadband rotor-stator interaction).
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Condition | Corrected RPM | % Design Speed

Approach 5,425 62.0%
- 6,700 76.6%
Cutback 7,525 86.0%
- 8,345 95.4%
Takeoff 8,750 100.0%

Table 1: ADP Model Fan Tip Speed Conditions
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Corrected RPM | m | n | SPL (dB) | Phase (deg) | PWL (dB) |

5,425 9o 1055 345.7 102.9
91| 1002 82.3 95.0

Total 106.6 103.6
6,700 9o 1121 305.4 109.4
91| 1038 16.6 99.6

92| 1023 320.2 95.7

Total 113.1 110.0
7,525 9o 1162 283.1 113.3
91| 1050 2.8 100.8

92| 1075 256.8 101.9

Total 117.1 113.9
8,345 90| 1227 260.5 119.0
91| 1137 62.3 109.6

92| 1112 226.4 106.0

Total 1234 119.7
8,750 90| 1253 2224 121.6
91| 1219 23.2 118.1

92| 1184 207.9 1134

93] 952 49.7 87.5

Total 127.5 123.7

Table 2: LINFLUX Shear Flow Modal Amplitude and Phase

Figure 1: Advanced Ducted Propulsor (ADP) Model Fan 1 installed in the Low Speed Wind Tunnel.
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Figure 2: Cross-section of the ADP Fan 1 model fan stage.
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Figure 3: Top view of the 9’x15’ test section illustrating model fan installation, as well as traversing microphone and
three fixed aft microphones. All dimensions are in inches.
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Figure 4: Comparison of predicted (LINFLUX) and measured exhaust rotor-stator interaction tone acoustic power
levels for ADP. Results are for the 2xBPF tone for which only the m = —9 circumferential mode propagates.

LINFLUX
| CDUCT-LaRC | PSEUDO-DUCT I

Figure 5: Block topology used for LINFLUX/CDUCT-LaRC predictions. The LINFLUX computational domain is
shown in red wireframe. The CDUCT-LaRC internal duct propagation and ’pseudo-duct’ blocks are shown in green
and blue wireframe, respectively. Note that only one of the fan blades and one of the exit guide vanes are shown to
simplify the figure.
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Figure 6: Qualitative acoustic propagation prediction with ’pseudo-duct’ showing contours of the real part example
of acoustic potential. The exposed surfaces of the ’pseudo-duct’ are used as the source surface in subsequent FW-H

acoustic radiation prediction.
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Figure 7: Predicted sound pressure level at 2xBPF for observers on arcs of radius Ry to Rs (~ 4 to 128 fan diameters).
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Figure 8: Predicted sound pressure level at 2xBPF for observers on an arc of radius R3, with and without shear layer.
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Figure 9: Comparison of far-field LINFLUX/CDUCT-LaRC and ANOPP at 5,425 (Approach) and 6,700 RPM pro-
jected to a one-foot arc on a lossless basis. Symbols indicate sideline angles corresponding to microphone locations

in 9°x15’ sideline measurements.

13 of 4

American Institute of Aeronautics and Astronautics



120
o
o110
=3
o™
z
m
Z
2100
w
—e—— LINFLUX/CDUCT-LaRC
= ANOPP (Aft RSI)
90||| TN RN R NS N N 1 |

100 110 120 130 140 150 160 170 180
Sideline Angle (deg)

90

(a) Corrected RPM: 7,525
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(b) Corrected RPM: 8,345

LaRC and ANOPP at 7,525 (Cutback) and 8,345 RPM pro-

jected to a one-foot arc on a lossless basis. Symbols indicate sideline angles corresponding to microphone locations

in 9°x15’ sideline measurements.
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Figure 11: Comparison of far-field LINFLUX/CDUCT-LaRC and ANOPP at 8,750 RPM (Takeoff) projected to a
one-foot arc on a lossless basis. Symbols indicate sideline angles corresponding to microphone locations in 9°x15’

sideline measurements.
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Figure 12: Comparison of far-field (Rs) and sideline (9°x15” measurement locations) LINFLUX/CDUCT-LaRC pre-
dictions at 5,425 RPM projected to a one-foot arc on a lossless basis.
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Figure 13: Comparison of sideline LINFLUX/CDUCT-LaRC predictions with measured data at 5,425 RPM projected
to a one-foot arc on a lossless basis.
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Figure 14: Comparison of sideline LINFLUX/CDUCT-LaRC predictions with measured data at 6,700 and 7,525 RPM
projected to a one-foot arc on a lossless basis.
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Figure 15: Comparison of sideline LINFLUX/CDUCT-LaRC predictions with measured data at 8,345 and 8,750 RPM
projected to a one-foot arc on a lossless basis.
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