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Results from the TRAC acoustic prediction system were correlated with data from a test of an
isolated full-scale XV-15 rotor in the NASA Ames 80- Bp0-Foot Wind Tunnel. The
airloadscalculation provided bythe original CAMRAD.Mod1code inthe standardTRAC
system was exercised with several high resolution options, including the FPXBVIcGieD

In addition, the more recent CAMRAD
CAMRAD.Mod1l. The CAMRAD Il code, with a multiple trailer wake model yielding
airloads at 3degreeazimuthal resolutionprovided excellent correlatiorwith measured BVI
pulse amplitude, but less $or pulsewidth.There isindication that better results may be
obtained with higher resolution airloads.
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Notation-

speed of sound
rotor thrust coefficient (shaft axes)

blade tip Mach number

microphone radial distance from hub
blade root cutout radius

blade radius

rotor shaft angle (positive aft)

blade flap components

microphone elevation angle (positive
down from rotor plane)

advance ratio

air density

rotor solidity

blade pitch components

azimuth angle (positive conterclockwise
from downstream)
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code was run in place of the original

Introduction

Noise, particularly theimpulsive typedue to blade-
vortex interactiongBVI), is a major determinant of the
economic and military viability of all rotorcraft. The
alleviation of noise has been a focus of substargsdarch
and development efforts byNASA and U.S. rotorcraft
industry in recent years. One aspecthi$ effort hasbeen
the intensive workundertaken to create a comprehensive
prediction system to computerotorcraft noise. The
culmination of this work, if successfulyould create a
designtool of obvious value to theevelopment of next
generation rotorcraft. Significant progress has beade in
recent years inmproving the predictive ability of purely
computational techniques in calculating rotorcraft noise.

Among several approacheabg Tilt-Rotor Aeroacoustic
Code (TRAC) system (Ref. 1) wasvelopedcooperatively
by NASA and industry participants, specificaftycused on
prediction of the noise field of tilt-rotor aircraft.

The objective of the present work wasdetermine the
extent to which the TRAC systeoould predictthe noise
field of a full-scaleXV-15 aircraft, asmeasuredduring a
test in the NASA Ames 80- by 120-Foutind Tunnel.

The main focus was to evaluate the various options of the
TRAC system. Similacorrelations have beerarried out
for an XV-15 flight test (Ref. 2). ThéRAC codeswere
run as delivered with no attempt to adjust or optimize any



parameters, excepghose pertaining to rotooperating
conditions.

This paperwill briefly describethe existing TRAC
system, CAMRAD Il comprehensive codghe XV-15
wind tunnel test,and present comparisonbetween the
data and computations.

Code Description

The TRAC system is dramework for executing a
series of computecodesthat calculate, for aspecified
operating condition, rotordynamics and aerodynamics,
blade pressure distributions, and the resulting acofirstic
Presently, the components of the TRAC systewlude
the CAMRAD.Modl code for comprehensive rotor
dynamics/aerodynamicthe FPXBVI CFD code for blade
aerodynamicsandthe WOPMODcodefor rotor acoustics
(Fig. 1). It is important to note that othequivalentcodes
that servesimilar purposegan besubstituted inplace of
these components; TRAC mereprovides a systematic
methodology for definingthe input/output and code
execution format of the various codes. Thus, inpfesent
work we were able to utilize the CAMRAD licode, in
place of the CAMRAD.Mod1 module.

CAMRAD.Mod1 is based onthe original CAMRAD
code (Ref. 3) to perform a comprehensive performance,
trim, and wake iterative analysis of the rotor.
CAMRAD.Mod1, which provides only relatively coarse
(10 deg) azimuthal resolution ofblade loads, includes
interfaces to higher resolutidsiade loadcalculations. One
is the HIRES option that uses a high resolution
reconstruction of the blade and wake positions fromfahe
wake influence coefficients. Theear-wake is accounted for
by a lattice modeandairloadsanalysis. An alternative for
accounting for the neavake is a post-process@PP) that
utilizes indicial aerodynamic functions (Ref. 4). Btilese
techniques can yield compact section loading information at
resolutions as small as 0.5 deg.

Another interface allows use of the FPXBEFD code
(Ref. 5) for full surfaceloading distribution calculations at
high resolution. FPXBVEvolvedfrom the Full-Potential
Rotor (FPR) CFDaerodynamicgodewith the addition of
BVI analysis capability.

CAMRAD Il is described in Reference 6. Whereas the
original CAMRAD is based on anodal analysis of the
blade, CAMRAD Il is based on dinite elementmethod
and multibody dynamics anthus, allows the analysis to
more accurately modeboth the rotorand the overall
vehicle. Furthermore, CAMRAD lincludes moreefined
unsteady aerodynamimodels and a robust free wake
model to calculatethe rotor nonuniform induced-
velocities, usingsecond-ordelifting line theory and free
wake geometry. Severalvake models appropriate for

tiltrotors are described inletail in Reference 7. Ghese,
the multiple- trailerwake modelwith consolidation in
compression form(herein referred to simply as the
multiple-trailerwake modelwasfound to yieldthe best
results. The multiple-trailewake modelhas adiscrete
trailed vortex line emanating fromeach of the blade
aerodynamic panel edges. The calculationheffree wake
geometry includeghe distortion of alltrailed lines, but
because of the low spanwise resolutam the absence of
viscous effects, ahighly concentratedip vortex is not
produced. So a&imulation of the tip vorteXormation
process (consolidation) is useWith the consolidation
model, thetrailed lines at the wing panekdges are
combined into rolled-up vortices, using thetrailed
vorticity moment toscale the rate of rollup. All the
vorticity in adjacent lines thdtavethe same sigrtbound
circulation increasing odecreasing)eventually rolls up
into a single vortex, located at tleentroid ofthe original
vorticity distribution. Using this modelthere is good
correlation of thecalculated powerand airloads with
tiltrotor measurements (Ref. 7). For this paper, results are
presented for the multiple-trailer wake model as well as for
the rolled-up wake model, which features a fulBveloped
tip vortex (and aninboardvortex when there isiegative
loading of thebladetip). With therolled-up wakemodel
(which is similar to the models thaave beerdeveloped
for helicopter rotors),good performancecorrelation is
achievedfor tiltrotors, but thecalculated airloads are not
accurate. The differences the wake patternsproduced by
the rolled-up and multiple-trailer wake models are
illustrated in Figure 2. For high-resolution results, the
airloads are calculatagsing an azimuthal resolution of 3
deg. Thesehigh resolution resultsre produced byfirst
obtaining the equilibrium solution of thecoupled
aerodynamicwake, structuralandinertial problem at 15
deg azimuthatesolution,andthen evaluating thairloads
at 3 degresolution using thélade motion from the 15
deg solution.

The WOPMODcode, based othe original WOPWOP
code(Ref. 8), computes théar acousticfield at specified
observerocationsbased onthe rotor stateand geometry,
and the high resolutiorblade loads provided by HIRES,
IPP, or FPXBVI. WOPWOP is an implementation of
Farassat's timedomain representation of thé&fowcs
Williams/Hawkings aeroacoustic equation, excluding the
guadrupole terms.

Test Description

The experimentatlata used inthe presentcorrelation
work were obtained during dest of a full-scalejsolated
XV-15 rotor in the NASA Ames 80- by 120-FodVind
Tunnel (Fig. 3). The test wadescribed indetail in
References 9 and 10. The rotor loads were measisiagd a
six-component internal balance.There were no



measurements of thielade surfacegressuredistributions.
Direct measurements aladepitch, flapping,and lead-lag
were available. The acousfield was measuredising four
moving microphones (Mics #1-4) to obtain the noise
footprint underthe advancing side ofhe rotor (Fig. 4).
Therewas also afixed microphone in theright/forward
guadrant at the estimated peak BVI directivdgation (Mic

#5). The acoustidata wererecorded at arate of 2048
samples per revolution for 16 rotor revolutions. The
measuredacoustic data were synchronouslyaveraged to
yield data of one revolution duration, agletailed in
Referencel0. Thewind tunnel data, incontrast to flight
test data (Ref. 2), were quite steady and repeatabledatde
used inthis correlation studywere not filtered (except for
anti-alias filtering prior to digitization during data
recording). The data, therefore, contain features arising from
all noise mechanisms, including BVI, as well as from the
presence of background noise and reflections.

A single test condition(Table 1) from this test,
representing &igh BVI noise case, waselectedfor this
correlation work. The main results presented bedoevfor
the forward microphone (Mic #5: r/R=6+20 deg,)=150
deg). Some additional results are also shown for one of the
traversing microphones (Mi¢4: r/R=2.77, =41 deg,
P=136 deg). A more extensive stuihyolving additional
operating conditiong&nd microphone positions was not
attempted. Theperformance codes weraun to match
measured @o and 1l/rev flapping. Theblade pitch
componentsncluded in Table 1 are the experimentally
measured values.

Correlation Results

A total of seven computations, whighclude airloads
and far-fieldacoustics,were performed, as enumerated in
Table 2. The final acoustic results are shown in Figures 5 -
9 as Sound Pressure time histonpes rotorrevolution. A
legend is included on each figure to indictite calculation
method, specified irthe first column of Table 2. The line
colors and types are consistent across the figuressaf® of
comparison. Only a portion of a rev, centered onntirdelle
pulse, is shown for clarityThere weresomeblade-to-blade
differences in the data. The middle pulse is representative of
the other two. The timaxes of thedata wereshifted by a
small amount(equivalent toapproximately 3.5deg of
azimuth) to correct for an error in setting the azimuth
reference during testing.

Initially the standardTRAC codewas executedwithout
the HIRES option. This is natecommendegractice. It
was done to establishraferencefor evaluatingsubsequent
calculations using higher resolution airloads.

The TRAC codewas rerun with the HIRESand IPP
options active. The results (Fig. Shdicate that, as

expectedjow resolutionairloads areclearly inadequate to
capturethe mainfeatures of BVlacoustics. Theairloads
provided by the high-resolution, near-wake, indicial
aerodynamics improve the situation somewhat. However, it
is theairloadsgenerated byhe HIRES internahear-wake
model, at 0.5 deg azimuthal resolution, that begin to show
reasonable correlationvith the experimental data. The
measured waveforas a roughlydouble-N shape with a
very prominentpositive central peakand two lesserside
peaks. The CAMRAD.Mod1/HIRES computaticaptures

the general wavehape; however, itinderpredictshe peak
amplitude of the main pulse by approximately (B cent.
The trailing edge ofthe computed waveform(the right
lesser peak ofhe data) contains a local fluctuation not
evident inthe data.The pulsewidth of theomputedmain
pulse is narrower than the data by approximately 25
percent.

The result of using the FPXB\Wode to provide full
surface airloads at degazimuthal resolution is shown in
Figure 6. The correlation with datagsmparablewith that
for the HIRES computation. The main pulggeak
amplitude is slightly less than the HIRES computation, as

is the peak-to-peakvalue. On the otherhand, the
pulsewidth exactly matches that of the data.

The TRAC system was alsexecuted with the
CAMRAD Il code substituted in place of

CAMRAD.Mod1. At an azimuthal resolution of Idig for
the airloads calculations, the results using the multiple
trailer wake modelwere comparable tothose of low
resolution CAMRAD.Mod1 (Fig. 7). At &iner resolution
of 3 deg, results were highly dependent onwiaée model.
Some improvement, but stiluinsatisfactory,correlation
with datawas obtainedusing therolled-up wake model.
The multiple trailer wake model, on the other hayeded
good correlationwith data as indicated ifrigure 7. The
peak value othe BVI soundpulse is wellpredicted, as is
its generalshape. However, thivo side peaksare hardly
evident inthe computation. Theomputed pulsewidth is
approximately double that of thaata.Unfortunately,even
finer resolution airload calculatiore®uld not be performed
due tomemory limitations.However, thetrend appears to
be towardimprovedresults. It remains to bgeenwhether
with 1 or 0.5 deg resolution airloads, both the doydaaks
as well as the pulsewidth may be better predicted.

A summary plot showing the results from the three best
code combinations is shown in Figure 8.

Computations for the other microphonesyielded
similar results, as illustrated for Mic #4 in Figure Note
the different vertical scale as well as the phase shift of the
BVI pulse from the previous figures for Mi#5, due to
the closermosition of this microphone. In thiparticular



case, the CAMRAD.Mod1/HIRES methodverpredicts
the BVI sound pulse amplitude.

Correlation results for XV-15 flight tests (Ref. 2) are
comparable, for the maiBVI pulsedue tothe dominant
rotor, to thoseobtained inthe present studwsing the
CAMRAD.Mod1/HIRES method inboth cases. Yet, in
using datafrom a wind tunnel test,ratherthan a flight
test, uncertainty in operating conditions isargely
eliminated.

Conclusions

Calculated BVI noise signatures for d&ull-scale
tiltrotor were compared towind tunnel data. Several
variants of the TRAC acoustiprediction system were
correlatedwith datafrom a test of arisolated full-scale
XV-15 rotor. The original CAMRAD.ModIcode yields
acceptablegesults with arairloadscomputation at a high
azimuthal resolution of 0.Flegree.Airloads computed
using the FPXBVIcode at 1 degreeesolution yields
comparableresults. The CAMRAD Il code, with a
multiple trailer wake modeyielding airloads at 3degree
azimuthal resolutionprovidedthe best correlatiomwith
respect to BVI pulse amplitudbut missed somdeatures

of the measured waveform, as well as the pulsewidth. The

trend appears to be towairdproving results withairloads
computed at higher resolutions.
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Table 1. Rotor Operating Parameters

Parameter Value
RPM 584.8
My, 0.686

M 0.170
O, 4.0°

c 340.29 m/sec

o 1.226 Kg/ni
linner 0.877 m

R 3.81m
8, 4.25°
0., 1.09°
0, -2.06°

Bo 1.65°
Blc OO

1 o°
C,/o 0.0758

Table 2. Computation Methods

Method Description Azimuthal resolution of
calculated airloads (deg)
L (LORES) (not recommended: nchuded for reference) 100
2 (HIRES) Camrad.Mod1/HiRes + WOPMOD 05
3 (HIRES+IPP) Camrad.Mod1/HiRes + IPP + WOPMOD 05
4 (HIRES+FPX) Camrad.Mod1/HiRes + FPXBVI + WOPMOD 10
5 (2LORES) Camrad Il (low res) + WOPMOD 100
6 (2HIRES/ROLL) Camrad Il (hi res, rolled-up wake) + WOPMOD 30
7 (2HIRES/MULT) Camrad Il (hi res, multiple trailer wake) + WOPMOD 30




CAMRAD.Mod1

( HI RES

CAMRAD I

Internal
near-wake

Indicial Post|
Processor

FPXBVI

WOPMOD

Fig. 1. Schematic of the TRAC system

(a) Rolled-up wake (b) Multiple-trailer wake with consolidation,
compression form

Fig. 2. Two wake models in CAMRAD Il computations.



Fig. 3. The XV-15 right-hand rotor mounted in the 80- by 120-Foot Wind Tunnel.

25 ft D Rotor

60.9 ft — |

120 ft + )
1 \Y
\_/ :
— . 35.3 ft
Traversing
Mics1-4 _ 5
Mic 5

Fig. 4. Schematic of microphone positions for the XV-15 test in the NASA Ames
80- by 120- Foot Wind Tunnel.
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Fig. 6. Comparison of CAMRAD.Mod1/HIRES and FPXBVI results with data.
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Fig. 7. Comparison of CAMRAD Il results with data.
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Fig. 8. Summary of main results; comparison of best CAMRAD.Modl and
CAMRAD I results with data. Mic #5.
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Fig. 9. Summary of results; comparison of best CAMRAD.Mod1l and CAMRAD I
results with data. Mic #4.
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