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Abstract

Wake measurements on thdvancing side of 8.25-
scale V-22 isolatedtilt rotor are presented and
discussed. Three-dimensional wakgometry data
were obtained using the Laser Light Sheet (LLS)
technique. Theoosition ofwake segments relative to
the rotor blade weracquiredfor a range othrust and
shaft angles. The rotation sense of Wake segments
was determinedThe lower thrust conditiogenerated
negative tip loading over largerportion of therotor
disk than the higher thrust condition. At hagher
thrust condition for the same shaft angle, tienber
of observednegative circulation vorticeslecreased.
Two-dimensional velocity measurementswvere
obtainedusing the Particlémage Velocimetry(PIV)
technique. Three method®r averaging the PIV
velocity data arediscussed.Two of the methods
account for vortexwander;both methodshowever,
require further refinement inrder todetermine which
method providesmore accurateresults. Thethird
method, whichdoesnot account for vortexwander,
should only beused toobtain general features of the
flow. For the vorticesexamined, approximately 100
PIV sampleswere determined to beufficient for
computing the averagevortex core size and core
circulation. Thecoresize andcore circulation of the
negative vorticeswere smaller than the positive
circulation vortices. Thecore tangential velocity
appears to have a nearly linear relationship toctite
size for the vorticegxamined. The fraction dbtal

Presented at the American HelicopteéBociety 55th
Annual Forum,Montreal, Canada, May 25-27, 1999.
Copyright © 1999 by the American Helicopt8pciety,
Inc. All rights reserved.

circulation in thecorefor both negativeand positive
vortices wadound to beconsistent with the Scully
and Oseen vortex models.

Introduction

The NASA rotorcraft community has invested heavily
in tilt rotor research in the last ten years to prepare for
the impending arrival ofhis versatile vehicle in the
commercial market. Investigations focussing on the
predictionandreduction oftilt rotor noise generated
during descenthave gainedincreasing importance.
During descent,the tilt rotor is in a helicopter
configuration causing the rotor blades to intenaith

the rotor wake. Thisblade-vortexinteraction (BVI)
causessignificant three-dimensional unsteadylade
loads, whichare manifested asigh vibration and
impulsive noise (Ref. 1).

Recenttilt rotor wind tunnel and flight tests have
shown thatBVI noise is the dominant noissurce
for a large range obperating conditions (Refs. 2-5).
Understanding the evolution, convection, and
dissipation of the rotorwake is critical in
understanding and predicting Bvibise. Validation of
aeroacoustic analysesquires wakemeasurements of
increasing detail. These requirements incladé only
the three-dimensional wake geometry, but also the tip
vortex core size and strength.

The Laser Light Sheet (LLS) technique has been
successfully used to measure the ratake geometry
of both model-scale(Ref. 6) and full-scale (Ref. 7)
rotors. The application of thiechniqueandthe data
reduction process ofthe resulting imageshave
matured to the point of being relatively
straightforward.



In the last decade, advances in digital camera
resolutionallowed planar measuremesystemssuch

as Particle Image Velocimetry (PIV) (Refs. 8-11) and
Doppler Global Velocimetry(DGV) (Ref. 12) to
acquire instantaneous velocity measuremerager
relatively largeareas andvolumes. PIV hasbeen
applied to a number of fluids experiments such as the
turbulentwake of a cylinder (Ref. 13), theflow
behindpitching airfoils (Ref. 14), flonover flapped
and slatted airfoils (Refs. 15,16), free jets and
turbulent boundary layers (Ref. 1@ndwind turbine
wakes(Refs. 18and 19), to name a few. The PIV
techniquehas only recently been applied to rotor
flows (Refs. 20-25). PlVappears to be a technique
that can provide the detailed measuremesdsired by
rotor aeroacoustic analyses. In particular, PIV
measurementsvill be most useful in investigating
the complex wake of a proprotor. Unlike
conventional helicopter rotor blades, proprditades
are highly twistedand can generat@egativeloading
over a largearea ofthe rotor disk. Thenegative
loading causesnultiple vortices to beshed thereby
increasing the complexity of the required wake model.

Under the NASA Short Haul (Civil Tiltrotor)
program (Ref. 26), ameroacoustidilt rotor model
test was conducted in the Duits-Nederlandse
Windtunnel - LargeLowspeedFacility (DNW-LLF)
in 1998. The test was a joirdffort of NASA, the
U.S. Army and Boeing. Themodel testedwas the
isolated Tilt Rotor Aeroacoustic Model(TRAM),
which is a 0.25-scale V-22 proprotor. The major test
objectiveswere to obtain abenchmarkdatabase to
validatethe NASA tilt rotor noiseprediction system
Tiltrotor Aeroacoustic CodgTRAC), described in
Ref. 3,and to expandhe understanding othe flow
physicsandacoustic sources diflt rotors. Acoustic
directivity, blade surface pressures, performablzele
dynamics and wake geomeiiigta wereobtained for a
range of advance ratios (including hover), shaft
angles,androtor thrust conditions. The TRAM was
operated in helicopter and airplane mode
configurations. The results from this testpresent
the first extensivedatabasdor an isolated proprotor
(Ref. 27). Acousticand bladeairloads results from
this test argrovided inRefs. 5and 28, respectively.
This paperwill primarily focus on the rotorwake
measurements thanclude both the LLS and PIV
data.

The rotor wake measurementaere acquiredfor a
range of tilt rotor operating conditions. The objective
of the LLS measurements was to obtain geemetry
of selected waksegments relative to the rotblade

on theadvancingside. The objective of the PIV
measurements was to obtaidletailed velocity
measurements obelectedrotor wake vortices, in
particular, those typically involved in BVI.

This paper provides a general description of the
isolatedTRAM, detaileddescriptions of thé.LS and
PIV measurement set-up, and a discussion oftititee
processingprocedures. Severatethods foraveraging
the instantaneous PIV velocitlata are presented and
discussed. Wakegeometry, vortexcore size, and
circulation distribution resultsare presentedor a
selected number of BVI conditions.

Model and Facility Description

The TRAM is a 0.25-scale V-2Bolated proprotor,
which is nacelle-mounted on eotor housing/sting.
Figure 1 shows the TRAM installed in tHeNW-
LLF 8- by 6-m open-jet test section. Tlsebladed
proprotor has adiameter of 2.9 m. The model
proprotor wasoperated ahominal tip speeds of 215
m/s and 201 m/$or operating conditionsimulating
helicopter and airplane mode, respectively. The
proprotor, proprotor shafand nacelle were fixed
relative toeachother with the rotor angle ddttack
changed by sting actuation. The proprotor was
trimmed to zero 1/rev flapping. Aetaileddescription
of the TRAM and an overview of the TRAM
experiment in the DNW-LLFare presented ifRefs.
29 and 27, respectively.

Measurement Set-Up
The investigation area for both the LIzZ®BdPIV was

on the advancing side ofhe rotor. Except for the
camera, both measurement techniques were performed

Isolated TRAM installed in DNW-

Figure 1.
LLF (view from above and upstream of model;
microphone array in foreground).



with the same set-up dhaser and seedingsystem.
Figures 2aand 2bshow the experimental set-up for
the LLS and PIV wake geometry measurements,
respectively. The coordinates x’ and z’ on Fig. 2b are
the local PIV imagecoordinates. The Zzaxis is
parallel to the tunnel coordinate axisuadthe x' axis

is rotated(135 degrees ashown in Fig. 2b) with
respect to the tunnel coordinate axis X.

The seeding usedfor the LLS and PIV was
accomplished by apecially designedseeding rake
located in the settling chamber immediately before the
turbulence screen. Theake is 3m X 4mand is
connected totwo seed generatorsequipped with
Laskin nozzles. Di-2-Ethylhexyl-Sebacat (DEHS) was
used asthe seedmaterial. For the TRAM test an
aerosol of 1lum diameterparticles were generated.
Due to the contraction of the flow in the tunnel, the
actualseededareawas approximately 1m imliameter

at the rotormodel location. Theseeding rake was
remotely moved both vertically and horizontally
during testing to seed the area of interest.

Laser Light Sheet Measurement
Description

The LLS measurements employed a lar@eide),
traversing light sheet to visualizeseveral adjacent
vortex cross sections in one frame along witheast
one rotorblade. For this study,data wereacquired
when thebladewas positioned at 48egreeazimuth.
The light sheet, generated by one Nd-Yag-II laser, was
traversecparallel to thefreestreamflow direction in
increments 00.200 mfor a total range o0f1.343m.
Using this configuration, the light sheet typically
intersecte®?-4 vortex filaments agach measurement
position. The light sheet wasapproximately
perpendicular tothe blade, asshown in Fig. 2a.
Calibration of the image plane wascomplished by
locating a calibration plate at one of the actual test
measurement positions. The calibration plate
contained a grid oknown dimensions. Thdight
sheet was adjusted to be parallel with the feidée of

the calibration plate. From the calibration image, the
image magnificatiorand exact location with respect

to the rotor coordinate systewere determinedSince

the light sheetraversedparallel to the streamwise or
x-axis of the rotorcoordinatesystem, thedifferent
laser light sheet positions were easily determined with
respect tothe calibration location. A CCOCharged
Coupled Device) color video camera (JVC TK-1080E)

Wind flow

Light sheet and
light sheet traverse

a) LLS set-up.

Wind flow

Light sheet and
light sheet traverse

~. L Camera and
ﬁ% camera traverse

Figure 2. Schematics of the flow
visualization set-ups within the test section.

b) PIV set-up.

was used in recordinghe LLS flow visualization
images. The 0.5 inch CCD-chip has g@brizontal)
by 582 (vertical) effective picture elements. The
camera was operated in the usual video mode
(interlaced),i.e. no external triggeringand 1/50 sec
shutter time. A video recorder then recordedabgput
signal from the camera. Thecording rate is 2%ull-
frames per second or 50 half-frames. Duehi® short
flash duration (about 4 - 5ns) only ohalf-frame (of
the full-frame) was exposed. Furthermomdye to the
laser flashfrequencylimitation of 3.35 Hz, only
every 1% half-frame onthe videotapewas exposed.
The laser flasHrequencywas synchronizedwith the



rotor rotation frequency sothat the half-frames
captured on video correspond tihe same blade
azimuth position (i.e. 45 deg azimuth).

Particle Image Velocimetry Measurement
Description

The PIV measurementwere acquired in order to
measurethe vortexcharacteristicsuch ascore size
and strength. Thus, the PIVmeasurementswere
acquired at locations prior to a blade-vortex interaction
wherethe vorticeswerenot directly interacting with

or influenced by the blade. Thé S recordingsaided

in the selection of these locations by providing a
spatial 2-D view of the wake, whidhcluded several
vortices as well as thelade. The PIV test setup is
shown in Fig. 2b. All components of the PIV system
were operated remotely from outside the test section.

Two Nd-Yag-ll laserswere used to generatiee light
pulses. Each laser had a puéseergy 0f280 mJ. The
lasers were adjusted ancbptimized for a pulse
frequency of 10Hz. In order toobtain the maximum
energyand aproper laser beanprofile, the lasers
must be operated in a narrow range aroutiuis
frequency.Several lensesnd mirrors were used to
orient the light-sheet at the oblique angles indicated in
Fig. 2b. The laser, first two mirrorandthe traverse
for the light sheet optics were rigidly mountetgthin
the open jet test sectiamderneatithe rotor model.
The light sheet wastraversed parallel to the
streamwise flow.

The PIV imageswere recordedusing a full-frame,

non-interlaced Kodak ESL.0 Double-scan camera
with externaltrigger. This camerawas located on a
tower thattraversedparallel to the laselight sheet
traverse. Thdine of sight of thecamerawas normal
to the light sheet as shown in Fig. Zthe 300 mm
cameralens wasadjusted byremote control. The
Kodak ES 1.0 camera contains a chip with
1013x1008 usable pixels with dynamic range of 8
bits andtwo AD converters, whicldouble the speed
for readingframes. In general, at least 10age

pairs were acquired ateach condition, with the
exception of twoselected cases whef&0 and 200
image pairsvereobtained. The imagesere recorded
at 3.35 Hz, which is the largest samgtequency
attainableafter synchronization of theamera, laser
and rotor. A frame grabber in a@PC, which was
located onthe lower part of thecamera tower,

collectedthe framesoutput by thecamera.The PC

was operatedremotely from outside the test section
using a 50 m keyboard extension cable.

On-line evaluation of the PIV images wparformed
prior to data collection. Thecross-correlationpeak
was determinedover a small section of theémage
area. Severakonditions were then imposed: the
correlation peak is clearly recognizable; the number of
spurious velocity vectors is less than 6; the
minimum displacement is great¢han 0.1 pixel; the
maximum displacement is 8 pixels or less.
Permanent data were collectedh® above conditions
were satisfied. For cas@gerethese criteriavere not
met, adjusting theseeding asvell as thedelay time
(either 2Qus or 3Q@Qs) between particle images
corrected the problem.

The PIV measurementsvere calibratedusing a
calibration plate. The plate, imprinted withkaown
grid, was positioned at the PIlVimeasurement
location. The light sheet waedjusted to be parallel
with the frontside ofthe plate. From thealibration
image, the image magnification as well as the
absolute location within the rotaroordinatesystem
were determinedThe position change caused by
traversing the light sheet was calculateddolging the
light sheet traverse position to the original x-location
of the calibration plate. The light sheeaverse and
the camera traverse were aligned paralldh®ex-axis

of the rotor coordinate system (Fig. 2b).Both
traverses movedbgether insuring that théistance
between the camera and light sheet remained constant.

The PIV recordings wereobtained at specific rotor
blade azimuth angles thuequiring rotor-lasecamera
synchronization. AHardsoftPCFS 2.0phase shifter
and sequencecontrolled the timing of thecamera
with the laser using the rotor rpm as théput

trigger. A spare-triggeradjustedthe timing between
the laserandthe camerafor variations in rotor rpm
greater than 1% (approximately 14 rpm fdhis

study), which was aracceptable tolerancéor the

laser. Additional details of the PIV system and
acquisition are provided in Refs. 16 and 17.

Data Reduction Process

The LLS and PIV data processing methods are
presented, including estimates of measurement
uncertainty. Potentiakources oferror neglected in
this study are also discussed.



LLS

Three-dimensional coordinates tie center of the
vortex filament cross-sectiongere obtained from
digitized images of LLS video recordings. The
filament center was identified as the centeswirl or
particle void foreachvortex structure foreach half-
frame. Figure 3 shows adeo half-frame capturing
multiple vortices including acounter-rotating pair.
Each vortex locatiompresented irthe Resultssection
represents aaverage o200 half-frameimagestaken
in series (about 1 minute akcording time). As
explained earliereachimage wasrecordedwhen the
blade azimuth was 45degreesThe wake geometry
was recreated byperformingthis processindgor each
sheet location. The resolution of the LLS images is 2
mm per pixel. The estimated uncertainty in the
location of the vortexenters presented ihis paper
is + 2.28 mm.

PIV

Velocity vectorfields were obtainedfrom each PIV
image-pairusing thecross-correlation method (Ref.
9). All the image pairsvere evaluateavith a 64x64
pixel interrogatiorwindow size using 75%overlap.
This results in a 60x60 2D velocityector field
covering anarea of 20 cm by 2@m. One to two
vortices were typically capturedwithin this image
area.

PIV velocity vector fieldsusually contain a limited
number of incorrectlydetermined vectors. These
vectors can usually be identified by visually
inspectingeachfield. Beforethe PIV velocity fields
areutilized in further processingnd analysis,these
incorrect orspurious vectors should leentified and
replaced. Amethodthat automaticallyidentifies and
replacesthese spurious vectors igresented inthis
section. Next, the definitions used to locate theex
center and to compute the vortexcore size and
circulation are presented. Application of these
definitions to processing theéata arethen presented.
As will be discussed,care must be takenwhen
determining average quantities from the PIV velocity

counter-rotating vortex pair

Figure 3. Sample LLS video half-frame.

fields. Thus, three methods for determiningaaerage
core size andirculationwereinvestigated. This was
done inorder toevaluatethe effects ofvortex wander

on the resultsand to provide anassessment of the
variation in averageresults usingdifferent averaging
procedures. The three averaging methadspresented
and adiscussion of theadvantagesaind disadvantages
is provided. The effect of the number of PIV samples
on the averaged results is also included.

Removal of spurious vectors PIV velocity vector
fields cancontainincorrect orspurious vectors (Ref.
9). Spurious vectorshave a noticeablydifferent
magnitude and/or directiothan thevector’'s nearest
neighbors and are usually caused by alack of
sufficient particle-pairs inthe interrogation region.
Figure 4 shows an example of spurious vectors.
Further processing of images containing spurious
vectors will produce erroneousresults. Westerweel
(Ref. 30) was one of the first forovide astatistical
analysis describing the occurrence of spurious vectors.
As reported inRef. 9 thereare nogeneral detection
methods thatan be appliedniversally to all flows;
however, therare severalalgorithms thathave been
developed andested forflows similar to the flow of
this study. Aprocedure based iprinciple on mean
value algorithms (Ref. 9) waslevelopedfor this
study.

Mean valuealgorithms identify spurious vectors by
comparingeach individualelocity vectormagnitude
to some average magnitude. The presentethod
computes theveragevelocity magnitude for a given
instantaneous vector field. The ratio of eauttividual
vector magnitude to theaverage magnitude was
computedand compared to aser specified threshold
ratio. If the ratio wagreaterthan the thresholdatio,
the vector was tagged as spurious. The threshold ratio
usedfor this study wasl.5 and was determined by
trial and error and verified by visual inspection.

After a vectorwas identified asspurious, thevector
wasreplaced bythe average ofts neighbors infour
directions: £J (or x’) and K (or z’) where (J,K)
representshe vector location in the 2@rray. Four
non-spurious neighbors in each of the fduections
were usedor this study. This number ofeighbor
vectors to include irthe averagewas determined by
trial and error. A sample result of the spuriaestor
identification andreplacement process applied to the
image in Fig. 4 is shown in Fig. 5.
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Figure 4. PIV image containing spurious
vectors.

P I
e e
b
P A
P I I I I A
R I e
P T
B P T P e
e
P T
[ e e e e
P I
e e e e e e e
-
e e e e

e e e e e e e e o e o e e e e
| | | | | | | | | | |

X

Figure 5. PIV image with spurious vectors of
Fig. 4 replaced.

The replacement technique described abovelezmhto
errors ifthe spuriousvector islocated in aregion of
high velocity gradient. In generalthe spurious
vectorsobserved inthis studywere neathe edges of
the field of view away from the area of interest
containing a vortex.

Core size and core circulation estimation The main
objective of processing the PIV data wasd&ermine
vortex core size and core circulation. Asmentioned
earlier, three methodwere used inthis study to
determine average vortex core size amdulation. All

three of the methods require the location of thaex

center in order to determine the average or

instantaneous vortex velocity profile. Aeasonable
definition for the vortex center, asplained inRef.
31, is the location opeak(maximum or minimum)
vorticity. Thus, vorticityfields were computed from
the appropriate (instantaneous @werage)velocity
fields using a center-difference sche(®ef. 9). Since
the velocity field is 2D, only one component of
vorticity can be computed. On¢ke vortexcenter is
known the velocity profileequired(instantaneous or
average) for each method is obtained.

Each averaging methagses either the instantaneous
or averagevelocity profiles todeterminethe vortex
coresizeand circulation. For this paper, theortex
core diameter idefined asthe distance between the
maximum and minimum peak velocity location of
the velocity profile. The circulation in the vorterre

is given by:

lc=2mreVe (1)

where \} is the tangential velocity at and ¢ is the
core radius measured from the core centgris\taken

to be the halfpeak-to-peakvelocity of a given
velocity profile. These definitionare consistent with
those commonlyused in rotor wake prediction
analyses (Ref. 32).

The three averaging methodsed to compute an
average vortex core size and circulation are: 1) identify
the instantaneous vortegenter and determine the
instantaneous velocity profile passing through the
center;align the profiles about the vorteoenter and
compute anaverageprofile; determinethe core size
and circulation from theaverageprofile; 2) identify
the instantaneous vortegenter and determine the
instantaneous velocity profile passing through the
center; determinghe core size and circulation from
each instantaneous velocity profile; compute an
average core size and circulation from the
instantaneous results; 3) ensembleragethe 100
instantaneous  velocity fields; from thaverage
velocity field identify the vortexcenterand determine
the velocity profile passing through the voreater;
determine the core size and circulation from the
velocity profile. Methods Jand 2eliminate theeffect

of vortex wander while Method 3 does not.

Methodl1. Averagingusing aligned velocity profiles
The initial step in this method was to locate fieak
vorticity of eachinstantaneous velocity field. As a
final filter for eliminating datanfluenced byspurious
velocity vectors, aheckfor spuriouspeak vorticity



values (similar to thatisedfor determining spurious
velocity vectors) was implemented. Aaverage peak
vorticity of the 100 instantaneoupeak vorticity
values was computed. The ratio egchinstantaneous
peak vorticity to the averagepeak vorticity was
computedand compared to aiser input vorticity
thresholdratio. In addition tothis comparison, the
sign of the instantaneous peak vorticity veasnpared

to the sign of theaveragepeakvorticity. Thus, an
instantaneous vorticitpeak wasconsideredspurious

if its ratio was greater than the input vorticity
threshold ratio or ifits sign wasdifferent than the
averagepeak vorticity. The velocityfield associated
with this spurious vorticity was thertiscarded.
Hence,the number of usable instantaneous velocity
fields was reducedfrom the 100available fields. The
vorticity threshold values ranged froin25 to 1.5 for
this study. The vorticity threshold ratio was
determined by trial and error for each vortex analyzed.

If two vortices were present in the vorticity field, two
searchedor the peakvorticity were conductedwith
each searchrealimited to theareasurrounding one
vortex. Hence, apriori knowledge ofthe vortex’s
generallocation must be known so that tleearch
areacan bedefined. The samesearchareawas then
usedfor all the instantaneous vorticitfields for a
given test condition. Figure 6 shows instantaneous
peak vorticity locations for one vortex at one test
condition. The scatter of the peak vorticity locations

0.22
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Figure 6. Peak vorticity locations identified
from instantaneous vorticity fields.

provides an indicatiorand measure ofthe vortex
wander.

After the instantaneous, non-spuriopsak vorticity

valueswere identified, the velocity profiles resulting
from a horizontal (constart’) slice and avertical

(constant x’) slice through theeak vorticity were

aligned by co-locatingthe profiles about the
individual vortex centers (i.e., peak vorticity

location). For the present work, thié@ections of the
slice were limited to the verticaland horizontal

directions to simplify the process. After profile

alignment location [

instantaneous velocity
\

a) subset of instantaneous samples

' alignment location
I/

instantaneous velocity

b) x'
b) complete set of instantaneous samples
Figure 7. Instantaneous velocity profiles
(horizontal slice) aligned about the location

of peak vorticity (horizontal slice).



alignment, the instantaneous profilegre averaged.
Figure 7 is a collection of instantaneous profiiesn

a horizontal slice through theorrespondingpeak
vorticities. For clarity, Figure 7a shows ortlyree of
the profiles shown in Figure 7b. As shown in Figure
7a, the profilesare aligned using the x' location
associatedvith eachprofile’'s peakvorticity location
(determined from Figure 6). Figure 7a shows that the
alignment technique is affected by the varying
velocity gradient betweenthe minimum and
maximum velocity ofeachprofile. This results in a
largerthan expectedvariation in velocity ateach X'
location as shown in Fig. 7b. The mid-pobdtween
the peak velocities okachprofile is also a possible
option for co-locating the profiles, if the lassheet
was perpendiculafi.e. orienting the image plane to
minimize effects of the'8velocity component) to the
vortex filament axis. Aligning at the velocity
midpoint would then result in symmetric velocity
profiles through the core. Figure i&presents the
average of the profiles in Fig. 7b with the velocity at
the core subtracted. Depending dhe amount of
vortex wander,sections of an instantaneopsofile
may beundefinedafter alignmentdue tothe limited
size of PIV image. If a section of a profile was
undefined,the velocity was setqual to zerand not
included in the averaging. Usingthis alignment
procedure, the number of samples availableagh X'
(or Z') location varied. For each x'location of the
velocity profile in Fig. 8, the number of samples
used to determine each averagdue isindicated by
the dashedline whosescale is given on the right
vertical axis. Although 100 instantaneougector
fields were available, somefields were discarded
becausdheir peakvorticity valueswere identified as
spurious. The vortexore size and circulation were
then computed from the averaged profile.

Method 2. Averaging using instantaneousore and
circulation values This method used the same
collection of instantaneous velocity profileslected
for the alignment procesdescribed inthe previous
section. Thecore diameterand core circulation were
then computed foreach instantaneous profile. The
average and standadviation of both core size and
circulation were then computed. This method obviates
the need for aligning the profiles while still
accounting for vortexvander.However, asshown in
Fig. 7, theinstantaneous profilesre not smooth
which makes the selection of the velocity minima and
maxima sensitive to localisturbances irthe profile
including influences of the"Bvelocity component.

B samples - 100
= —80
2 ?
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| 20
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«
Figure 8. Averaged velocity profile after
alignment.

Method3. Ensembleaveraging. For this method, the
100 instantaneous velocitffields are ensemble
averagedEnsemble averaging, which is teamplest
to implement,can be used toobtain the general
features(e.g. number of vortices, rotaticsense) of
the velocity or vorticity field.However, themethod
does not account forthe effect of vortex wander,
which will tend to produce a ‘smearegrofile
resulting in overestimation of thecore size. Hence,
this method should not hesedfor final estimates of
core characteristics.
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Figure 9. Instantaneous core size for the

same vortex.



Figure 9 showsoresize resultscomputedusing all
three averaging methods. The results from Methods 1-
3 are indicated by avg a (aligned), avg_i
(instantaneouspnd avg_e (ensemble), respectively.
The instantaneousore sizesused in Method 2 are
also shown. SinceMethod 3 (ensemblejioes not
account for vortexvander,the computed coreize is,

as expected, largghan results from theMethod 1
(aligned) or Method 2(instantaneous). Although
avg_e is largethan avg _aand avg_i, avg_e falls
within the scatter of the instantaneodsata. Because

of the limitations (discussed earlier) of Methods 1 and
2, the ensemblaveragedcore size resultdid not
always provide the largest value.

Samplepopulation.An evaluation wagerformed to
determine whether asufficient number of PIV
sampleswere available for computing averagecore
sizesandcirculations. The vorteanalyzed inFig. 9
was usedfor this evaluation. Out of 10Gvailable
samples for this vortex, 9%ere identified asisable.
The tangential velocity () at thecore radius which
is related tothe circulation by Eq.1, isised inthis
evaluation since yis obtained directlfrom the PIV

sample populations. Theore diameterand \, were

determined for eaclnstantaneous velocity profile and
are presented afilled circles in Figures 10and 11,
respectively. Movingaveragesind associatedtandard
deviations (STD) were also determined for two sample
sizes, N=25 (thin lineandN=50 (thick line) as well
as theaverageusing all the samplesN=96 (solid
square symbols). Each moving average value is
plotted at thecenter ofthe given sample sei,e.,
n+N/2. For examplefor N=25, the firstaverage is
determinedfrom the first 25 samples, i.e.,#1 to
n,s=25, and is plotted at p+N/2=13.5. Thenext
average is determinagsing the next 25 sampleise.
n,=2 to ns=26, and isplotted at g+N/2=14.5. This
process igepeateduntil n,=(nys-N), for N=25and 50
as shown in Figs. 10 and 11.

The average core diameteand averagetangential
velocity converged as N was increased from 25 to 96.
Both the moving averagesfor core diameter and
tangential velocityaried asmuch as 12% foN=25,

and about 2% forN=50 from the average obtained
using N=96. Thus, for computing average vortere
diameter and averagetangential velocity, 50-96
samples wasconsideredsufficient for this study.
However, if details such as turbulence levieiside
and outside the core are desired, much larger sample
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sizes (typically on the order of five times) are required
in order to establish confidence inthe statistical
guantities.

Results

The LLS measurementsgere acquiredbeforethe PIV
data in order to assess the general features ofidke
for various rotor conditions. A subset of the LLS test
conditions was therselectedfor detailed scrutiny
using the PIVtechnique. ThePIV data reduction
processdescribed inthe previous sectionseglects



several key effects in calculating core size and
circulation. The angle between the laser slageltthe
vortex filament was unknown; therefore tbare sizes
presented inthis paper areprobably larger than the
actual core size. The vortex convection velocity,
definedhere aghe velocity at the vortex center, was
subtractedrom the velocity profile passing through
the core. If the convection velocityaried over the
core, the estimates for core sined circulationwould
be affectedOther considerationsot explored inthis
paper includethe presence ofthe 3¢ velocity
component, the influence olearbyvortices, effect of
non-uniformseedingdensity,anddistribution of PIV
correlation levels across tHelV image. The results
presented irthis study should bevaluatedwith the
above considerations in mind.

In this section, three-dimensional wake geometry
measurementare providedor three shaft angles and
two thrust conditionsCorresponding vortex size and
circulation estimatesare providedor one shaftangle
andtwo thrust levels. All LLSand PIV data were
acquired for an advance ratio of 0.15 and a nominal tip
Mach number of 0.63.

LLS

Figures 12-14 show vortex filament locations with
respect tothe rotor blade for a low (negative),
moderateg(positive), and high (positive) shaft angle,
respectively, for a low thrust condition. Thehaft
angle isdefined aspositive when the shaft isilted
aft. Each figure is comprised of a top viéa) and an
edge view (from behind the blade) in a rotated
coordinatesystem (b). Theotated coordinatesystem
results from rotating the axes shown Hig. 2a to
account for the shaft angleand blade azimuth
position, henceallowing an assessment of thiade-
vortex separation distance. Tlade azimuth was
fixed at 45 degreesThe leading and trailing edge
locations of theblade werealso measuredfor each
sheet locatiorand are indicated ifFigs. 12-14. The
blade tip location, although notmeasured, is
approximatecand represented as a dotlatk in the
figures. The rotation sense ehchfilament is also
identified, where counter-clockwismtation (CCW)
implies positive circulationand clockwise (CW)
rotation implies negative circulation. The filament
rotation sense is defined from the position of the PIV
camera (Fig. 2b), not the LL&meraFigures12-14
show that there are roughly equal numbers of
observedCCW and CW filaments. Thepresence of
CW vortices suggests that théadetip is negatively
loaded andhus sheds a CWvortex at the tipand a

CCW vortexinboard ofthe tip. Figures 12-14how
that the angldetweensome of the CCW filaments
and the blade areless parallel ascomparedwith a
simple single-vortex helical wake. If the CCW
vorticeswere shed inboard dhe tip, then theangle
betweenthe filamentand bladevould indeed beless
parallel compared with a filament shed from the tip.

Although images such asig. 3 and plots such as
Fig. 13 indicate that some of the CCWand CW
vortices have combinethto a pair, nodata were
acquired todeterminethe origin of each of these
filaments. Therefore the assumption cannot Ineade
that a vortex pair originated from the same blaiee
the age of the vortices is unknown.

Figures 15-17 present result®rresponding to the
same shaft angles #figs. 12-14 respectively, for a
higher thrust condition. As the shaft angle is
increasedmore positive), thevortex-blade separation
distance tends to increaggimilar to Figs. 12-14).
Comparing Fig. 15-17 to 12-14here is arincreased
number of observed CCW filamentempared to CW
filaments for the higher thrust condition for #iree
shaft angles, implyinghere isless negativdoading
on theblade. This observation isupported by the
behavior of thedifferential leading-edgeressurenear
the bladetip shown in Figs.18a and bfor the low
andhigh thrust conditions, respectively. For the low
thrust condition(Fig. 18a) negative loadingccurs
over nearly the entiradvancing sideand about one-
third (from 180 to 24Gdegazimuth) of theretreating
side. Figure 18b shows that the regamd magnitude

of negative loading is significantlseduced athigher
thrust.

Figures 12-18 suggest that multiple vortices are
being shed by one blade. Depending on the spanwise
gradient of the bound circulation, combinations of
positive and negative anultiple positivecirculation
vorticesare possiblyshed by asingleblade. The
streamwise spacing of the vortex filaments can
typically be used todeducethe streamwise velocity
magnitudeandvice versa. Withouknowledge of the
filament origin, however, using the filament spacings
in Figs. 12-17 to compute a streamwise velowitlf
result inerroneousralues. Thepresence oimultiple
vortices greatly complicates theake geometry and
provides a verychallenging system tomodel.
Knowing the size and strengths of the C@GhWd CW
vortices, however, igqually important as knowing
the location of the vortices. The PlMeasurements
provide such information.
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near the blade tip.

PIV

PI1V imageswere acquiredfor a small number of test
conditions. All measurementsvere acquired on the
advancing sidewith the blade positioned at 15 deg
azimuth with amnadvanceratio of 0.15and tip Mach
number of 0.63. Theages of the vortices are
unknown since the vorticesere not tracked from
their origin. Hence, although two vortices sometimes
appeared in the PIV field ofiew, one cannoassume
that they originated from the same blade.

Figures 19a) and b) show instantaneocoi® size and
core circulation results, respectively, for a CW
vortex. The resultsvere obtainedfrom the horizontal

cut through the vortex. This CW vortex was one of
two vorticescaptured in aPIV field of view. The
blade loading data for this test condition(moderate
shaft angle, low thrust) is shown ig. 18a. The
average core size and circulation values (obtained from
the three averaging methodscussed irthe previous
section) are also presented.

In Fig. 19, avg_arefers tothe value obtained by
averagingthe aligned velocity profiles (Method 1);
avg_i corresponds to the average of the instantaneous
values (Method 2); and avg_e refers to the values
obtained by performing an ensemiaeerage of the
100 vector fields (Method3). Values foravg_aand
avg_efall within one standard deviation afvg_i. The
distributions of both core size and circulation have the
general shape of a normal distribution.

Figure 20 shows theoresize andcirculation results
for the CCW vortex, which alsappears inthe same
PIV field of view as the CW vortex of Figure 19. The
CCW coresizes (Fig.20a) fromall three averaging
methods are 2.0-2.5 timdargerthan thatdetermined
for the CW vortex(Fig. 19a). The CCWcore
circulations (Fig. 20bpre 2.5-3.0 timeslarger than
the CW vortex (Fig. 19b). A plausibleause forthis
difference can be explained a$ollows. The CW
vortex forms from the vorticityshed from the tip
region. The CCW vortex forms from the vorticity
shed inboard of the tip region. The spanwise extent of
negativetip loading islikely to be smaller than the
inboard spanwise extent of the positiadeloading.
Hence, the inboard CCW vortexégpected tchave a
larger core size than the CW tip vortex.

Resultsfor the same shaft angleut higher thrust
condition are shown in Fig. 21. For this test
condition, two CCW vorticesvere captured in the
field of view. Only one CCW vortex waanalyzed,
however, since the second CCW vortex wasdose
to thefield of view edge to beanalyzed.The blade
loading for this condition is shown iRig. 18b. The
tip is negativelyloaded,but over a smaller spanwise
extent and azimuth region compared to lihwe thrust
test condition(Fig. 18a). Thecoresize for thehigh
thrust CCW vortex (Fig.21a) is about20%-30%
smaller than the low thrust CCW vortex (Fig0a)
and the corresponding coreirculation is also20%-
45% smaller. This result igzontrary to what is
expected in hover. In hover, the higher thrust



samples

samples

samples

25

20

15

10

0
0 005 0.1 0.15 0.2 0.25 0.3 0.35
core diameter

a)

I I I
avg_i=0.115
std. dev.=0.036

avg_a=0.103
avg_e=0.124

samples

I I
avg_i=-0.230
std. dev.=0.069 |

avg_a=-0.167
avg_e=-0.218

\
-0.8

|
-02 -04 -06
b) core circulation

Figure 19. Distribution of instantaneous core quantities for a horizontal cut
through a CW vortex at low thrust, moderate (positive) shaft angle.
a) non-dimensional core diameter

25

20

15

10

25

20

15

10

I I I
avg_i=0.227
| std. dev.=0.038

avg_a=0.248
|_avg_e=0.258

0
0 005 0.1 0.15 0.2 0.25 0.3 0.35

a) core diameter
Figure 20. Distribution of instantaneous core quantities for a horizontal cut
through a CCW vortex at low thrust, moderate (positive) shaft angle.

a) non-dimensional core diameter

I I I
avg_i=0.179
| std. dev.=0.026

avg_a=0.207
|_avg_e=0.176

0
0 005 01 0.15 0.2 0.25 0.3 0.35
a

core diameter

b) non-dimensional core circulation

25

0

I I I I
avg_i=0.586
std. dev.=0.156

avg_a=0.537
| avg_e=0.712

0 0.2 0.4 0.6
b) core circulation

0.8

b) non-dimensional core circulation

25

20

avg_i=0.403
std. dev.=0.101 |

avg_a=0.415
L avg_e=0.400

0 02 04 0
b) core circulation

0.6 0.8 1

Figure 21. Distribution of instantaneous core quantities for a horizontal cut
through a CCW vortex at high thrust, moderate (positive) shaft angle.
a) non-dimensional core diameter

b) non-dimensional core circulation



condition is expected to generate a voréth greater
circulation than a lower thrust condition. farward
flight, however, the same reasoning cannotpglied
since the blade loading varies greatly as a function of
azimuth as shown in Fig. 18.

The above results appear to suggest that vortices with
small core sizes alsohave lower circulation values,
independent of théhrust (high or low) condition. To
examine this relationship further, thetangential
velocity of the core(ratherthan the circulation) is
plotted against theore size. In Figure 22 both the
instantaneousand averagevalues of core size and
tangential velocityare shown for the 3vortices
examined in this study. The vortex tangential velocity
appears to increasalmost linearly withcore size.
This result, althoughbased onlimited data, is
somewhat surprising since the vortices arelifiérent
rotation sense and frouiifferentthrust conditions. In
addition, the datascatter is roughlgircular in shape
andsimilar for all threevortices, suggesting that the
measurement and data processing variasssciated
with the vortex tangential velocitand core size are
the same. Of courseadditional data should be
obtained to furthedefinethis relation.However, the
results presented inFig. 22 could be utilized in
current wakemodels, whichrequirevortex core size,
and/or vortex tangential velocity as input parameters.

In addition tothe core size and core strength, the
fraction of thetotal circulationcontained inthe core

is also informative forwake modeling purposes.
Figures 23-25 present circulation as a function of
distance from the core center ttve vorticesanalyzed

in Figs. 19-21, respectively. The circulation
distributionswere obtainedfrom the averagevelocity
profile computedusing thealigned averagéMethod

1) and arepresentedfor a horizontal cut(solid
symbols) and vertical cut (open symbols) through the
vortex center.

Two circulation distributionsare determinedrom a
given velocity profile, using Eqn. 1, bynarching
toward the minimum and maximum velocity
location. The core radius, s defined ashe distance
from the core center tothe x’ location (for a
horizontal cut) of the maximum(or minimum)
velocity. A similar calculation isperformedfor a
vertical cut resulting in four distributions per profile.
Figure 23 shows results for the CWortex
corresponding td-ig. 19. The velocity profile is not
symmetric about the vortex center possibly due to the
existence of a significant®3/elocity component
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Figure 22. Vortex tangential velocity at the
core radius versus core diameter. Solid
symbols are the average values determined
using averaging Method 2.

and/or because the field of view wast perpendicular
to the vortex filament axis. The results from the
horizontaland vertical cutsaresimilar, although the
vertical cut resultsvere determinedrom a smaller
number of velocity vectors (approximately 25) than
the horizontal cut (approximately 35-50)hen two
vorticeswere present in thdield of view with one
vortex above the other (as in thase ofthe vortices

of Figs. 23 and 24), the field was divided rougimfo

an upper half and lower half. Thisducecthe number

of vectors (forexample, from 50 to 25) available for
defining avelocity profile in the verticaldirection,
which contributed to more scatter the results for
the vertical cuts.

In Figure 23, the circulation in the CW vortegre is
approximately 52% of the total circulati@ssociated
with this vortex. Figure 24corresponding to the
CCW vortex, shows that theore contains roughly
72% of the total circulation. The CCW vortex at the
higher thrust condition, Figure 25, shows tbere
contains about 75% of the total circulatiofhese
percentages areonsistent with valuesissumed by
vortex models oftemsed inrotor wake calculations.
The Scully vortexmodel (Ref. 32) assumes 50% of
the total circulation icontained inthe corewhile an
Oseen vortexassumes 71%. Table 1 summarizes the
results for thethree vorticesanalyzed inthis study.



Table 1. Nondimensional vortex core size and core circulation.

Vortex  core core core core circ.:  corecirc.:. core circ.: % total
Thrust  rotation diameter: diameter: diameter: avg_i avg_a avg_e circulation
sense avg i avg_a avg_e in core
low Ccw 0.115 0.103 0.124 -0.230 -0.167 -0.218 ~52%
low CCcw 0.227 0.248 0.258 0.586 0.537 0.713 ~72%
high CCW 0.179 0.207 0.176 0.403 0.415 0.400 ~75%
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3l ; Cg’{{fg’;}ti'uf ut | Characterizing the complex wake systgemerated by
blades sheddingultiple vortices, as in thease of a
proprotor, presents an immense techniclllenge
2 o | for both the experimentalistnd analyst. Thisstudy
= Q0 ..0'.... provides quantitative information for a proproteake
L OO..' system. Using the LLSechnique,the 3D wake
10 O%.o eo00000eq o geometry Wasmeasu_rgd orthe rotor advancingside
<f....o ° for two thrust conditionsand severalshaft angles.
o ﬁg.o.ooooooo Two-dimensional velocityfield measurementswvere
' N acquiredfor selectedvortices at two thrustonditions
using the PIV technique.
-1 \ \ \ \ |
0 0.5 1 1/.5 2 2.5 3 Proceduresfor processingand averagingthe PIV
o instantaneous velocityield data must be carefully
considered andtested. This paper exploredthree
Figure 24. Circulation distribution for a methods for computing aaveragevortex core size
CCW vortex: low thrust, moderate (positive) andcirculation from the PIVdata. Two of the three
shaft angle methodsaccountedor vortex wander.Both methods,



however, require further refinement in order to
determine which method provides more accurate
results. The third method, whicloesnot account for
vortex wander, shouldnly beused toobtain general
features of the flow.

A sufficient number of PIV instantaneous velocities

wererequired toobtain consistent results f@verage
values of vortexcore size and strength. For the
evaluation performed, the average valbased on 1/4
and1/2 of the sampleavailable (96)were found to
differ up to approximately 12%nd?2%, respectively,
from the averages obtainedusing all available

samples. Although 100 fields were acquired during the

TRAM test, a significant number ofields were
eliminated for somedest conditionsduring PIV data

validation due to spurious vorticity values. The

number of instantaneous samplasquired during a
PIV test shouldinclude a conservativestimate for
the number of samples expected todiseardecduring
processing.

The following paragraphsummarizes observations

from this limited study.

The lower thrust conditiongeneratednegative tip
loading that covered a largportion of the rotordisk

than the higher thrust condition. Both negative and

positive circulation vortices were observéuatreasing

the rotor thrust, while maintaining the same positive
shaft angle, decreased the number of observed negative

circulation vortices. The core sizedcore circulation
of the negative vortices (which are a resulhe@ative
tip loading) were smaller than the positigeculation
vortices. The tangential velocity at the coaglius has
a nearly linear relationship to theore size for the

vortices examined. The fraction of total circulation in

the corefor both negativeand positive vortices was
found to beconsistent with the Scullyand Oseen
vortex wake models. The results from thistudy
although limited, are some of the first tilt rotaake
measurements availahileat offer quantitative values
for average corsize andcirculation as well asvake
geometry. Thesetypes of resultsare very much

needed in advancingtor wake prediction capabilities

andshould prove to be useful in guidirgd setting
parameter inputs for rotor wake analyses.
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