Center for Turbulence Reserch 225
Annual Research Briefs 2002

An experimental investigation of high aspect-ratio
rectangular sails

By A. Crook, M. Gerritsen y AND N. N. Mansour

1. Problem statemert and relevance of proposedreseart

The °ow around a sail is sensitive to external conditions sudch as the boat heel, boat
speed and atmospheric conditions. The °ow may also be Reynolds-rumber dependen,
with typical Reynolds numbers in the range of 1-10 million. Aeroelastic e®ectsof the
sail can be important especially in downwind sailing. The performance of the sail is
highly dependert on the sail trim. Designinga sail is in many sensesnore complex than
an aircraft wing of high aspect ratio where the ambient conditions are known and are
lessdynamic. A Velocity Prediction Program (VPP) is usedto take into accourt the
performance of the yacht when designinga sail. The VPP solvesa set of equations that
govern the motion of the yacht. However modelling the aerodynamics of the yacht remains
a large problem: seeJackson (1996). Sail performance characteristics usually comefrom
CFD for upwind sails, whereasfor downwind sails wind tunnel tests are the preferred
method due to the high computational cost of downwind CFD simulations.

At presen, VPPs usesemi-empirical data to calculate the forceson the hull and sails.
An experimental databaseof sail properties and characteristics would allow the validation
of Computational Fluid Dynamics (CFD) codesand their implemertation in the VPP.

The °uid dynamics of sails is also poorly understood, although the previous experi-
ments discussedin this brief provide a basefrom which our knowledge can be further
enhanced.The foremost reasonfor investigating two-dimensional sails is that the °ow
around three-dimensional sails is highly dependert upon the sail geometry and sailing
conditions. For upwind sailing, the sail performanceis highly sensitive to sail trim. A
three-dimensionalmodel sail is very ditcult to trim, and the trim required would change
with the varying °ow anglesand boat heel and direction. A three-dimensional sail ex-
periment alsorequiresthat the freestream®ow direction changewith increasingdistance
from the foot of the sail. This is necessaryto simulate the changein e®ective wind angle
that the sail experiencesasit travelsthrough the Earth's atmospheric boundary layer.

Team New Zealand have made useof a twisted-°ow tunnel at The University of Auck-
land in New Zealand (Flay (1996)) for downwind testing of 1/10 scalethree-dimensional
sail-hull con gurations, and this hasprovedto be very usefulin re ning existing designs.
The °ow is twisted using a set of turning vanes,but the twist hasto be changedfor any
changein the boat's speedor heading. For the reasonsmentioned, upwind testing of the
sail is infeasible.

An experimental investigation of two-dimensional, high-aspect-ratio sails using sail
sectionsrepresertativ e of that used on modern yadcts will therefore provide a generic
databasethat will have a large impact on the sailing industry in terms of providing a
databasefor CFD validation and also enhancingthe sail designer'sphysical understand-
ing of the complex °uid dynamics.

y Stanford Yacht Researt, Stanford Univ ersity
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1.1. Sail °ow characteristics and the current state of the art

The current state of the art in sail designis di®erert for upwind and downwind sails. For
the upwind conditions the camber of the sail and the angle of incidence of the apparert

wind to the sail are small, resulting in largely attached °ow. A leading-edgeseparation
bubble may be presen, especially in the presenceof a mast. Wind tunnel testing by racing
teamsis rare due to the problem of trimming at model scale.Upwind sail performanceis
highly sensitive to trim becauseof the small anglesof incidenceinvolved, meaning that

small changesa®ectthe performancesigni cantly. Upwind sail °ow analysisis generally
performed using panel methods, and sometimesEuler codes. The designstarts asa series
of two-dimensionalsectionsthat vary with the height of the sail, and that arethen blended
together to form a three-dimensionalsail. The three-dimensional sail is then optimized

further by coupling 3D panel methods, someof which canimplement twisted onset °ow,

to a "nite-element structural-analysis program to try to predict the °ying shape.

Physical understanding of the °ow around genericsail sectionsat represerativ e Rey-
nolds numbers is limited. An enhancedunderstanding of the °ow physics around salil
sectionsis required as a rst step to understanding the more complex “ow around a
three-dimensionalupwind salil.

Three-dimensionalupwind sails may have separated®ow at the head of the sail whilst
the °ow remains attached elsewhereas a result of the twisted onset °ow. This greatly
in°uencesthe sail designand trim. To reduceseparationnear the head, the sail is usually
twisted also. Generally, strong tip vortices are shed o®the head and the foot of the sail.
As a result, the induced drag is large, and may cortribute as much as 15% of the total
boat drag (including hull, rigging and wave drag). Heeling of the boat also signi cantly
a®ectsthe performance of the sails. It is also important to understand the sensitivity
of the two-dimensional°ow to Reynolds number, wind direction, camber and the e®ects
of the mast and its orientation with respect to the sail. Such parameterswill a®ectthe
transition behaviour of the °ow, the sizeof the leading edgeseparationbubble if any, and
the location of the trailing-edge separation. A correlation of these °ow featureswith the
corresponding sail pressuredistribution, lift and drag will be invaluable in understanding
how to better design sails to provide the greatest amount of forward thrust without
exceedinga given rolling momert (Wood and Tan (1978)).

In reading (i.e. partial-downwind conditions), the angle of incidence is larger. The
°ow on the main sail and gennaler or spinnaker is complex due to the presenceof large
scaleseparation for higher incident wind angles.If the °ow is separatedat the leading
edgeit isimportant to know how large the bubble is and alsofor what conditions the °ow
reattaches. At higher anglesof incidence,the °ow is likely to be unsteady This unsteady
behaviour a®ectsthe dynamic behaviour of the sail. Flow simulation requiresthe use of
viscoussolvers and turbulence models. Becauseof their expenseand limited expertise in
the sailing industry, wind tunnel testing is the preferred method of testing. Howewer, the
samelimitations of many upwind experiments sud as low aspect ratio and purely force
and momern data are also seenfor the downwind experiments. For the downwind case,
it is therefore important to provide °ow topology and force/pressure data on sails with
realistic camber and high aspect ratio for a range of wind anglesand Reynolds numbers.

There have beentwo seminal seriesof experiments that have attempted to address
some of the fundamertal questions regarding 2D sail “ows, with and without masts,
carried out by Milgram (1971), Milgram (1978) and Wilkinson (1984), Wilkinson (1989)
and Wilkinson (1990).

Milgram (1971) investigated highly-cambered (camber ratio (de ned as the ratio of
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maximum camber to chord) greaterthan 10) thin airfoils (without masts)with the NACA
65 (Abbott and von Doenho®(1959), p.386) and a = 0:8 (Abbott and von Doenho®
(1959), p.402) mean lines. The experiments were conducted in a water tunnel at three
di®erent Reynolds numbers of 6, 9 and 12£ 10°. These high Reynolds numbers were
achieved through the use of water as the working °uid and by the use of relatively
large-chord sections.The relatively small dimensionsof the water tunnel meart that the
aspectratio of the airfoils waslow, being equalto approximately 2.2. For highly-cambered
sections, a low aspect ratio may causesparnwise three-dimensionality in the separating
°ow, although this was not addressedin Milgram's report.

Data for the highly-cambered sectionsis in the form of lift, drag and pitching-momert
coezcients for a range of anglesof attack. The experimertal setup usesdynamometers
to measurethe forcesand momert, with one side of the airfoil clamped and the other
side pinned. A consequencef this arrangemert is that the airfoil twists under load, with
two degreesof twist reported for anglesof attack greater than ten degrees.

For the range of camber ratios investigated for the NACA 65 and a = 0:8 mean line
, the aerodynamic characteristics are similar and do not vary greatly over the limited
Reynolds number range in which the tests were conducted. A typical C, j ® plot shows
a linear increasein C_ up to 4 degreesangle of incidence, followed by a small drop in
C. and then arecovery in C_ up to approximately 20 degrees.The maximum value of
C. increaseswith camber ratio for a given thicknessdistribution as one would expect
and rangesbetween approximately 2 and 2.6. A typical plot of Cp versusC, shows an
almost linear decreasein Cp with C_ until a plateau is reached where Cp is a minimum
(approximately 0.06) and fairly constart with C, until the airfoil stalls and the drag
risessharply. With increasingcamber ratio, the sharp increasein drag at the end of the
plateau is preceededby a reduction in C_ for increasing Cp. The size of this reversal
increaseswith increasing camber. The pitching-momert coetcient, C,, de ned at the
quarter-chord point, is always negative becausethe certer of pressureis signi cantly aft
of the quarter-chord point, and becomesmore negative with increasingcamber ratio. The
slope of the Cr, | ® through zero angle of incidenceis negative, followed by a minimum
at around 4 degreesand then a positive slope before another changein slope just before
stall.

Thesecharacteristics are di®erert from those of convertional, airfoils with low camber
and moderate thickness,the data for which can be found in Abbott and von Doenho®
(1959). Thin airfoil theory predicts pre-stall lift versusangle of incidence fairly well for
these sections.For highly cambered, thin sections,the C, is always lessthan predicted,
with the slope of the curve greater than 2%radian for anglesof attack lessthan the
theoretical ideal angle of incidence(de ned asthe angle of incidenceat which the forward
stagnation point just lies on the leading edge).The slopeis lessthan 2¥radian for angles
of attack greater than the ideal angle of incidence ('gure 1).

Milgram (1978) tested one mean line (NACA a = 0:8) for two di®erern camber ratios
(0.12 and 0.15) with circular and elliptic-shaped masts of di®erent diameters. The data
are again limited to lift and drag coetcients, although the longitudinal location of the
center of pressureis included as a function of C_ . The tests were carried out in the same
water tunnel asusedMilgram (1971), but without the turbulence screenswhich resulted
in measuredvaluesof Cp for the sectionswithout a mast being 10% higher than in the
earlier tests.

The addition of a circular mast with a diameter to chord ratio (d=¢ of 0.15, does
not signi cantly changethe Cp-C, behaviour for CR=0.15, and extendsthe C_ range
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Figure 1. Comparison of C_ versus® for NACA 65 mean line with CR=0.12 as predicted by
thin airfoil theory and measuredexperimentally (Milgram (1971)).

of the CR=0.12 section before the onset of the sharp drag rise. The di®erencein Cp
betweenthe two di®erent camber ratio sectionsis a slowly increasingfunction of C_ for
the circular mast (d=c=0.15). Howeer the addition of an elliptic mast (d=c=0.17, where
d in this caseis the squareroot of the mast cross-sectionarea), causesthe Cp -C_ curve
to be shifted to the right for the lower camber ratio meaningthat the CR=0.12 section
has a lower Cp over the whole range in C_ and the di®erencein Cp betweenthe two
increasesrapidly with increasingC, .

The behaviour of Cp versusC, is a smooth function of d=cover the Reynolds number
range investigated (0:5; 1:5£ 10°), except for the two largest diameter elliptical masts
tested (d=c=0.31 and 0.36). For thesetwo masts, C, / Cp is much larger than would be
expectedby extrapolating the data from lower valuesof d=c This indicatesthat the large
mastsare causinga di®erert °ow structure to occur with larger regionsof separation. The
useof trip deviceson the elliptical mast with d=c=0.31 partly con rms this idea because
the drag is reducedwith their addition, presumably becauseof a delayed separationfrom
the mast. For d=c=0.36, the e®ectsof adding the trip devicesupon the Cp-C, plot are
opposite for the two di®erert Reynolds numbers tested. The data is largely insensitive
to Reynolds number over the range examined, except for the d=c=0.36 elliptical mast
without trip devices.

Milgram concludesthat a common range of mast-sail geometriesfor a broader range
of camber ratio still needto be investigated. Also sincethe value of d=cis typically large
near the head of sails, further study of sectionsat high C, for large values of d=cis
required. The addition of a mast to the sail raisesthe friction and form drag to the same
order of magnitude asthe induced drag of the sail, whereaswithout the mast the friction
and form drag would be small by comparison.

Wilkinson (1984)took Milgram's experiments with the mast attached one step further,
and measuredpressuredistributions and velocity pro les for NACA a = 0:8 and 63 mean
lines with a circular mast attached. Testswith the NACA 63 meanline investigated the
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e®ectof moving the point of maximum canmber forward. Wilkinson conducted the tests
in the 7°£ 5° tunnel at Southampton University, England at Reynolds up to 1:6 £ 10°.
As with Milgram's tests, a low-aspect-ratio sail was tested to achieve high Reynolds
numbers, and therefore three-dimensional °ow at high anglesof attack cannot be ruled
out. Unfortunately neither of the seriesof experiments report surface-°ow visualisation
which is an easytool in determining the large-scale®ow structure.

The experiment setout to look at the e®ectsof sail camber distribution, camber ratio,
Reynoldsnumber, angle of incidence,mast diameter/chord ratio and mast angle. In total
of 216 tests were carried out, and it was concludedthat all the pressuredistributions
could be represened by oneuniversalform of pressuredistribution that could be divided
into nine regionsas shavn in “gure 2.

Figure 2. Universal pressuredistribution: seeWilkinson (1984)

Over the limited Reynolds-rumber range investigated, little e®ectwas obsened. In-
creasing angle of incidence tended to decreasethe base pressurein the upper-surface
separation bubble and to shorten the length of the bubble. The pressuredistribution
also °attened out on the upper surface(region V), and the position of the trailing-edge
separation moved upstream. Increasing d=c has the e®ectof increasing the size of the
separation bubble, °attening out the pressuredistribution in region IV and reducing the
extent of the trailing-edge separation. Finally, the e®ectof the two sail shapes tested
on the aerodynamic characteristics appearsto be small. The pressurerecovery at reat-
tachmert is larger for the NACA 63, the minimum pressurein region IV occurs further
forward, and on the lower surfacethe pressuredistribution is much fuller.

From the review of Milgram and Wilkinson's work, it is obvious that the sectionsand
even the masts tested may not be represenativ e of real sails and masts. Furthermore,
the data gainedin both seriesof experiments provided a foundation for understanding
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more about sail °ows but is limited becausethree-dimensional °ow e®ectsmay be large
dueto the low aspect ratio of the airfoils tested. With modern testing techniquesthe un-
derstanding gained from theseseminal experiments can be built upon, further enhancing
our understanding of this most complex °ow.

2. Researt aims and objectives

In summary, the primary aims of this experimental study are to:

2 Gain a deerper physical understanding of the °ow past upwind and downwind sails
under various anglesof incidence and Reynolds numbers.

2 Create a comprehensie databasefor validation of nhumerical solvers and turbulence
modelsthat can be usedby the (sail) researti comnmunity and industry at large.

The objectivesto achieve these aims for a range of two-dimensional sail sectionsand
apparert wind anglesare:

2 For selectupwind and downwind sectionsuse Particle Image Velocimetry (PIV) to
understand the e®ectof Reynolds number upon the °ow topology, which may include
the size and structure of leading-edgeseparation bubbles with and without a mast for
the upwind case,location of trailing-edge separation if preser, and the structure and
frequency of the wake (measuredusing a hot wire or Laser Doppler Velocimeter (LD V)).
Furthermore, the sensitivity of the pressuredistribution and sectional lift and drag coef-
“cients (C_ and Cp, respectively) to Reynolds number will be addressedusing Pressure
Sensitive Paint (PSP) and a wake rake of total-pressure tub es.

2 For all six sail sectionsuse a range of tools including surface oil-°ow visualization,
PSP, oil-Tm interferometry and/or shear-sensitie liquid crystals, to understand the
main °ow topology on both surfacessuc as mean separation locations and transition
location if no leading-edgeseparation is presen.

2 To measuresectional lift and drag coexcients, and the skin-friction distribution for
all six sail sections,with and without a mast for the upwind cases,and to correlate this
with the °ow topology.

2 For a selectupwind case,to investigate in detail the interaction betweenthe mast
and sail for a range of sail incidencesand e®ective wind angleswith respect to the mast.
PIV will be usedto measurethe °ow structure and PSP and the wake rake to measure
the sectionlift coetcient and drag coexcient, respectively.

3. Tedhnical approac

We propose an initial test of six sail and mast con gurations, to be conducted in
February-June 2003in the NASA Ames 7°£ 10° tunnel. The con gurations are listed in
table 1 and shawn in "gures 4-7. All modelswill be cambered plates of high aspect ratio,
with constart crosssection. Initial CFD studies have shavn that the aspect ratio must
be chosenas 15 or higher to sutciently reducethree-dimensional e®ects.Measuremerts
will be taken near mid-span. Alternativ ely, tangertial blowing can be usedwith wings of
lower aspect ratio to achieve higher Reynolds numbers. This option will be investigated.

The thin steel models will be put under tension to reduce the risk of buckling in the
tunnel, and will be formed to the desiredshape using matching machined blocks placein
compression.The structural package MSC.Nastran will be usedto aid the model design,
with pressureloadspredicted usingthe CFD padckageCFX. The sail shape will be formed
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Sail Type Model 7°£ 10° tunnel 12° tunnel
Upwind Genoa (mid-mast height) Supplied by TNZ
Mainsail (mid-mast height) Supplied by TNZ * *

With and without mast

Downwind Dynarig (Maltese Falcon) Circular arc 12.5% camber
Genneker Circular arc 20% camber *
Genneker (TNZ) Circular arc 25% camber

*
*

Table 1. List of sail con gurations to be tested

by using thin steel, with two clamping blocks, machined to the desiredpro’le, at eadt
end as shawn in "gure 3. Appropriate boundary conditions will be applied in Nastran
to simulate deforming the steel sheet. The predicted pressuredistribution will then be
applied to determine the thicknessof the steelsheetand the amount of sparwisetension
required in order to maintain the sail shape acrossthe span. A small-scalemodel of the
tensioning medanism with a scaledhigh-aspect ratio thin steel sail will be constructed
to prove the concept. Even with tensioningit is expectedthat the sail will de°ect under
aerodynamic load. The °ying shape of the sail will therefore be measuredusing pho-
togrammetric techniques available at NASA Ames. Vibration of the sail sections may
also be an issue, particularly for caseswhere large regions of separated°ow exist.

It is planned to test ead section shape over a range of angles of incidence, and to
determine the sectional pressureand skin friction distribution for ead, from which the
lift and drag coexcient can be found. In addition the structure of the °ow away from the
surfacewill be investigated, with particular emphasison the regions of separation near
the leading and trailing edges.

Figure 3. High-aspect-ratio 2D sail shape formed by shaped clamps placed under sparwise
tension
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3.1. Sail gometries

3.1.1. Upwind Sails

(a) Mainsail mid-height (b) Mainsail % height (c) Genoa mid-height

Figure 4. Upwind sails. Source: Team New Zealand. All sections shown at 18 degrees
apparent wind angle

3.1.2. Reaching and downwind sails
The America's Cup gennaler cross-sectionsare close to circular arcs with 20-25%
camber. We will test 20% and 25% camber. The Dynarig sectionsare circular arcs with

12.5% camber.

Figure 6. Dynarig sail con guration -

Figure 5. Typical TNZ gennaker - 25.3%
12.5% circular arc

circular arc. Picture takenin wind tunnel at
Auckland

3.1.3. Masts
Source: Team New Zealand. Dimensionsfull-scale (near head) are 200mm£ 150mm.

el - &

(@) (b)

Figure 7. Masts for upwind tests: (a) Cut-o® ellipse, (b) Cut-o® ellipse, rounded edges.
Source: Team New Zealand
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3.2. Experimental facilities and techniques

All models will be tested in the 7°£ 10° closed-return wind tunnel at NASA Ames.
This wind tunnel is capable of a maximum freestream speed of 200 knots (103 m/s)

and has a freestream turbulence intensity of approximately 0.25%.The tunnel will be
run at a speedof 30-40m/s, leading to a chord Reynolds number of approximately half
a million. This velocity is low enoughto avoid compressibility e®ects,but high enough
to utilize techniques such as PSP which need a reasonabledynamic pressureto work

well. The closed-returntunnel alsosimpli es the processof seedingthe tunnel for optical

techniquessudch asPIV and LDV. After the experiments are performed, two designs(one
upwind, one downwind) will be tested in the 12° pressurizedtunnel at NASA Ames at

higher Reynolds numbers, to conduct Reynolds-rumber sensitivity analyses.Using this

tunnel Reynolds numbers of up to 4 million per foot (6 atm pressure)can be achieved at

a Mach number of 0.1. Designing a thin sail to withstand such high dynamic pressures
will not be an easytask, and performing the tests at a lower pressureof 2 atm (Reynolds
number of 1.4 million per foot at Mach 0.1) is more feasible.

3.2.1. Pressue Sensitive Paint (PSP)

PSP will be usedon the upper and lower surfaceof the sail to determine the pressure
distribution around the section, and also by integrating the pressure distribution, to
calculate the section lift coetcient. PSP is applied to a highly-re°ective surface and
luminesceswhen excited moleculesin the coating return to a lower energy state due to
the collision with an oxygen moleculein a processknown asoxygen quending. Excitation
is commonly provided by a UV lamp. The rate of quending is proportional to the partial
pressureof oxygen, which isin turn proportional to the air pressure.PSP is therefore most
sensitive to changesin pressurewhen the dynamic pressureis high and the percertage
changein pressureis high with respect to atmospheric pressure.A typical setup for PSP
is shown in “gure 8.

Figure 8. A typical PSP setup: from Bell et al. (2001)

The ratio of wind-on to wind-o® intensity of the emitted light from the PSP is propor-
tional to the ratio of respective pressuresunder conditions of constart excitation. The
constarts in the governing equation are derived either before the experiment by mea-
suring the intensity of the PSP for various pressuresand temperatures and/or during
the experiment by using a referencepressureon the model such as that provided by a
pressuretransducer. Photogrammetry may then be required to assaiate the points in
the PSP image with those on the model.
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Uncertainty in the measuremenh of pressurecan be due to errors in the calibration
of the responseof the paint to pressure,spatial and temporal variations in illumination
and errors in the data processing.By far the largest source of error comesfrom the
uncertainty in the paint's temperature.

Sullivan (2001) statesthat the accuracyof PSP is 1 mbar with a resolution of 0.5 mbar,
and that the typical time responseis 0.5 secondsalthough 1 * s has beendemonstrated.
For further information on PSP, the readeris referred to Bell et al. (2001), Mehta et al.
(2000) and Sullivan (2001).

lllustrations of the ability of PSP to capture the pressuredistribution with high reso-
lution over a large area and range of pressureare givenin gures 1laand 11b.

(a) Upper surface of an F-16 (b) High-lift wing

Figure 9. Pressuredistributions measuredusing PSP (Bell et al. (2001))

3.2.2. Oil-Im interferometry

Oil- Tm interferometry relies on the principle that the rate at which oil thins on a sur-
faceis a function of the shear-stresanagnitude. There are various incarnations of oil- Im
interferometry asdiscussedoy Naughton and Sheplak (2000), although the method used
at NASA Amesis Fringe Imaging Skin Friction Interferometry (FISF). The interference
betweenthe partially-re°ected light at the air-oil interface and the light re°ected from
the model surfacewill vary betweenconstructive and destructive asthe oil Tm thickness
changes.This is obsened as a seriesof light and dark bands or fringes, the spacing of
which is proportional to the skin friction (Figure 10).

The oil typically used is silicone oil and is applied to the surfacein either square
patchesor drops. The surfaceshould have a high index of refraction (ideally n = 2), and
therefore glassis ideal. For practical reasons,polished stainless steel or Mylar is often
used. The light absorption of aluminium is too low to be usedwith PSP.
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Figure 10. Interferencefringes produced by Fizeau Interferometry: (a) Constructiv e interference
producesbright bands, whereas(b) destructiv e interference producesdark bands (Naughton and
Sheplak (2000))

lllumination must be provided by a coherent light source,although the coherencdength
can be short (a few microns) due to the small thicknessof the oil Tm. Light sourcessuc
as °uorescert bulbs, sodium lamps and black lights are often used. Lasers su®erfrom
the expenseof special optics and also the problem of specular re°ection (spedle) near
the surface. Imaging can be achieved using CCD cameras,preferably black and white.
Calibration of the oil viscosity and its variation with temperature is necessaryalthough
the measuremen of the shearstressis absolute,requiring no additional referencemeasure.
Mehta et al. (2000) state that using calibrated oil and with an accurate measuremen of
the dynamic head and the incident light angle, it is possibleto achieve accuracyin the
skin friction coezcient, ¢, better than § 5% in magnitude and § 1% in vector direction.

Examples of oil Tm interferometry applied to wing °ows are given in "gures 13aand
13b.In "gure 13a,0il dropsare applied to awing tip and provide both the magnitude and
direction of the surfaceshearstress.In "gure 13b oil patchesare applied to a transport
wing to yield the magnitude of surface shear stresses.

3.2.3. Particle Image Velccimetry (P1V)

Modern PIV calculatesthe velocity eld in a plane by comparing two imagescontaining
particles separated by a very short time interval. The °ow eld of interest is usually
illuminated by a thin laser sheetat thesetwo times, with ead laser pulse triggering the
capture of the particle "eld usinga cross-correlationCCD camerathat is placednormal to
the plane of the lasersheet(Figure 12). This type of CCD camerais capableof capturing
two imagesin very quick successior{usually 10! sapart). A cross-correlationalgorithm is
then usedto locate intensity peaksin both imagesfor small areas(of the order of 64£ 64
pixels) and this is repeated acrossthe whole image. The peak in the correlation should
correspond to the sameparticle in both images.The distanceead particle movesin terms
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(@) Oil-drop method applied to a (b) Oil patches applied to a transport air-
wing tip (Naughton and Sheplak craft wing (Mehta et al. (2000))
(2000))

Figure 11. Examples of oil Tm interferometry applied to aircraft wings

of pixels (and physical spacevia a calibration) in the time separating the two images
can then be calculated, yielding the instantaneous velocity vector in the plane. From

this data other properties of the °ow, sud as vorticity, can be calculated (Figure 13),

and if suxcient frames are captured, °ow statistics suc as the rms and mean velocity

componerts and therefore stresses,skewnessand kurtosis can be calculated. Extension

of the technique to measuringthe out-of-plane velocity component, and therefore the full

velocity vector, is possibleby utilising perspective error. If the CCD camerais placed at

90 degreesto the laser sheet, the angle of view at the edgesof the image will decrease
from the optimal 90 degreesat the certer of the image, and the motion of particles

perpendicular to the laser sheetcan be detected. Stereoscopicor 3D PIV requires two

cross-correlation CCD camerasplaced at approximately 40 degreesto the laser sheet.
This obviously causesa problem with focus as di®erent parts of the laser sheetare at

di®eren distancesfrom the cameralens. This can be overcomeby using a large depth

of "eld which results in a small lens aperture and low light intensity at the CCD. The

Sdeimp°ug condition for focusing solvesthis problem. It statesthat if the image plane
if the CCD sensorand the lens plane are coincidernt at the focus plane of the lens, then

the particles in the laser sheetwill be in focus on the CCD sensor.

The temporal resolution of PIV is governed by the repetition rate of the laser and
the CCD camera. In general these are usually 15{30 Hz, although high speed PIV at
frequenciesup to 1 MHz is possibleusing cinematic camerasand high frequency lasers
and multiple CCD cameras.Spatial resolution is also limited by the CCD elemen and
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Figure 12. Typical 2D PIV setup Figure 13. Mean spanwise vorticity
measured using PIV for a high-lift sys-
tem (Stanislas et al. (2000))

the number of pixels and their size. An example of a high-end CCD camerais one with
1280£ 1024 pixels and a pixel length of 6.7 1 m.

For more information on PIV, the reader is referred to Gharib and Daribi (2000),
Grant (1994) and Adrian (1991).

We will determine the pressure distribution, the size of leading-edge bubbles, the
trailing-edge separation points and the skin friction in all tests. The pressuredistribution
will be measuredusing Pressure Sensitive Paint (PSP). Skin friction will be measured
using oil- Tm interferometry or shear-sensitie liquid crystals. Particle Image Velocimetry
(PIV) will be performed on two upwind and two downwind designsto create a detailed
picture of the °ow past the sail and in the wake. Expertise in all of the measuremen
techniques described is available at NASA Ames and Stanford.

Wewill return to the 7°£ 10°wind tunnel in late 2003to test sail shapesfor the Maltese
Falcon suggestedby our optimization algorithm (Doyle et al. 2002).
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