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Abstract

An approach to low Reynoldsnumber airfoil designis described, and several exampledesign
casesare presented and discussed.The overall approach involvesusing the inversemethod
PROFOIL for design and XFOIL for analysis. Validation of these methods and the low
Reynoldsnumber airfoil designphilosophy is supported by UIUC wind tunnel experiments.
Thesenotesderive largely from four prior publications of the author (seeRefs.1{4) and the
contributions of the respective co-authorsare gratefully acknowledged.

1 In tro duction

For over 100 years, airfoil designhas continued to capture the interest of practitioners of
applied aerodynamics. The ¯eld is fueled by the ever-growing combination of airfoil design
requirements for unique applications, such as UAVs, and this state of a®airs is likely to
continue. When one considersall possiblepermutations of the myriad of airfoil designre-
quirements, it quickly becomesapparent that the number of unique setsof requirements far
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exceedsthe collection of existing airfoils. For this reason,the advancement and useof meth-
ods for airfoil designcontinuesto be the economicalsolution. In contrast, the enrichment of
airfoil \catalogs" for their own sake is felt to be of limited value.

The objective of this lecture focuseson the designof airfoils for low Reynoldsnumbers,
which has been the subject of considerableresearch as documented in several major con-
ferencesand books.5{ 9 First, various approaches to airfoil designare discussed,leading to
the useof inversemethods being favored over the alternatives. Second,several sectionsof
thesenotes outline the important in°uence of laminar separationbubbleson low Reynolds
number airfoils, leading to the needfor an inversemethod that has the unique capabilities
of being able to more or lessdirectly control the movement of transition with angle of at-
tack. The desiredbehavior of transition forms the basisof a designphilosophy that hasbeen
implemented in a methodology for inverseairfoil design. Finally, to illustrate the overall
approach to low Reynolds number airfoil design, several exampleairfoils are presented in
this lecture. In each case,state-of-the-art tools for airfoil design10,11 and analysis12{ 14 were
used. Although these airfoils were each designedfor speci¯c applications, the systematic
and parametric studiesshow usefulperformancetrends and trade-o®sin airfoil designat low
Reynoldsnumbers. As will be shown, the overall designprocesshasbeenvalidated through
wind tunnel tests, and theseresults are presented together with the predictions.

2 Various Approac hes to Airfoil Design

In this section,various approachesto airfoil designare brie°y summarized.The alternative
to our great legacyof airfoil designby geometricmeansguidedby empirical study (Fig. 1a) is
to usean inversemethod, and there are certain advantagesto be had by adopting the latter
while realizingthat often geometricconstraints must still beachieved. By adoptingan inverse
approach, the degreeto which the aerodynamic performancecan be controlled has reached
a high level of sophistication. Inversedesignin the classicsenseinvolvesspecifying a desired
velocity distribution (Fig. 1b) basedon boundary-layer and consequently performancecon-
siderations. Taking this onestep further by directly prescribing the desiredboundary-layer
characteristics(Fig. 1c) is a stepcloserto controlling the desiredoutcome|the performance.
Thus, employing an inverseboundary-layer-like approach can give the designertremendous
power in achieving the performancegoals in the face of all the trade-o®sthat one must
consider in the processof airfoil design. Continuing the sequencein going from geometry
basedmethods to inversemethods, the ¯nal step is one wherein the performanceis speci-
¯ed using an optimization scheme(Fig. 1d), but implementation of an e±cient optimization
method has met with limited successrelative to the other approaches. Nevertheless,each
of thesefour approaches to designhave their respective strengths of allowing more or less
direct control over particular characteristics of airfoils. Each of thesecharacteristics could
be consideredasa designvariable (Fig. 1d) that ideally shouldbe incorporated into a single
designmethodology.

Apart from the design variables of choice, a secondconsideration involves having the
abilit y to control the performanceover multiple operating points. Figure 3 illustrates this
concept. Typically, airfoil designrequirements include information regarding Cl ;max (point
C in the ¯gure) as well as the operating range over which low drag is achieved (points A
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to B). Theserequirements can be translated into speci¯c characteristics to be embodied in
the pressuredistribution. For instance, low drag at points A and B requiresextendedruns
of laminar °ow on the lower and upper surfaces,respectively, while the high lift require-
ment is achieved by limiting the leading edgesuction peak behavior, each of which must be
achieved at the corresponding designlift coe±cient. Collectively this approach is referredto
as multip oint design,which is clearly a desiredfeature of any airfoil designmethod.

3 Laminar Separation Bubbles and Transition

Low Reynoldsnumber airfoil °ows are principally distinguishedby their associated laminar
separationbubblessuch as that depicted in Fig. 4. In past research, considerableattention
has beenfocusedon laminar separationbubblesbecausethey are the leading culprit to the
degradation in performancerelative to airfoils at higher Reynoldsnumbers. When laminar
separationbubblesdo appear, they arecausedby the inabilt y of the °ow to makea transition
to turbulent °ow in the attached boundary layer on the surfaceof the airfoil. Instead, the
laminar °ow separatesbefore transition. When this happens, transition occurs in the free
shearlayer, and the so-calledlaminar separationbubble is formed when the turbulent °ow
reattachesto the airfoil surfacedownstream of transition. For the most part, the resulting
pressuredrag over the regionof the laminar separationbubble is responsiblefor the relatively
high drag that can sometimesaccompany airfoils at low Reynoldsnumbers. The existence
of a laminar separationbubble and its extents can be deducedby examiningsurfaceoil °ow
visualization as will be discussedlater in thesenotes.

As shown by Drela,15 the drag contribution owning to a bubble can be approximated by
consideringthe integral boundary layer equation

dµ
d»

= ¡ (2 + H )
µ
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from which the drag coe±cient can be determinedusing
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2(µus + µls)

c
For the special purposehereof consideringthe drag due to a laminar separationbubble, it
is more helpful to expressthe integral boundary layer equation as
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Inside the laminar separation bubble, the skin friction is nearly zero and henceit can be
assumedthat Cf ' 0. In this casethe integral boundary layer equation becomes
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Thus, the drag increment due to a laminar separation bubble is proportional to the
product of the averagemassdefect ½ue±¤ and drop in the edgevelocity ¢ ue. A graphical
interpretation of this result is shown in Fig. 5. Three edgevelocity distributions are shown
together with the drag increment that grows downstream. For case1, transition is assumed
to haveoccurredon the airfoil surfacewithout the mechanismof a laminar separationbubble.
Prior to transition, the drag increasesslowly, while downstream of transition the growth is
more rapid and consistent with a turbulent boundary layer. For case2, laminar separation
is shown to have occurred as indicated by the plateau in the velocity distribution, which
is accompaniedby no growth in the drag increment until transition occurs. At transition
and subsequent reattachment, there is a jump in the drag that continuesto grow consistent
with the turbulent boundary layer behavior. For case3, a longer laminar separationbubble
is considered. In this case,the larger drop in the edgevelocity at transition gives rise to
a correspondingly larger jump in the drag increment as compared with case2. Clearly,
betweenthe two limiting casesof transition without a bubble (case1) and transition at the
end of a long bubble (case3), there is an optimum where the bubble drag increment can
be minimized. For most airfoils, this minimum casein relation to the total airfoil drag is
associated with a thin laminar separation bubble that has only a small drop in the edge
velocity at transition.

From this discussionin connectionwith Fig. 5 that shows the drag increment through a
bubble, the location of transition dictates the sizeof the bubble and with it the drag of the
bubble. Thus, an airfoil designerfocuseson the questions:whereis transition, whereshould
it be, and how can it be controlled? Taken together answers to thesequestionsshould yield
more knowledgeof airfoil °ows and help in the development of a designphilosophy. As a
step in this direction, the following section outlines an approach to ¯nding the transition
location, which is the ¯rst step in low Reynoldsnumber airfoil design.

4 Finding Transition

As will be seen,having knowledgeof the transition location is key to the development of
the low Reynolds number airfoil design philosophy presented later. In what follows, two
tools for determining transition are discussed|¯rst through experiments and then through
predictions.

4.1 Tool #1: Wind Tunnel Tests

All experiments wereconductedin the University of Illinois at Urbana{Champaign (UIUC)
subsonicwind tunnel (Fig. 6), which hasa nominal test sectionthat is 2.81-ft high and 4-ft
wide. The test set-updepictedin Figs. 7 and 8 wasusedfor this study.16,17 As seenin Fig. 7,
two 6-ft long Plexiglassplitter plates are inserted2.8 ft apart into the test sectionto isolate
the airfoil modelsfrom both the support hardware and the tunnel sidewall boundary layers.
The 1-ft chord airfoil models were inserted horizontally between the splitter plates with
nominal gapsof 0.040{0.080in. betweenthe end of the airfoil model and the splitter plates.
Performancedata weretakenat Reynoldsnumbersof 100,000,200,000,350,000and 500,000.
The lift was measuredusing a strain gaugeload cell, and the drag was determined using
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the momentum de¯cit method.16 To account for spanwise drag variations at low Reynolds
numbers,18 the drag wasobtained from an averageof eight equidistant wake surveysover the
center of the model sothat a 10.5-in.wide spanwascovered. The overall uncertainty in both
the lift and drag measurements was estimatedat 1.5%.16,17 All lift and drag measurements
werecorrectedfor wind tunnel interferenceand validated with data from the NASA Langley
Low TurbulencePressureTunnel.4,16,18{ 20

As has beenwell documented, low Reynoldsnumber airfoil °ows are highly sensitive to
the tunnel °ow quality. Consequently, tunnel °ow quality measurements were taken and
documented in detail in Refs. 4 and 21. Only a subsetof those results, in particular the
turbulence intensity measurements, are included in these lecture notes. The turbulence
intensity was measuredusing hot-wire anemometry. Speci¯cally, the hot-wire system was
a TSI Incorporated IFA 100 anemometerin conjunction with a TSI Model 1210-T1.5hot-
wire probe. The probe makes use of a 1.5-micron platinum-coated tungsten wire. The
probe was mounted in the tunnel end-°ow orientation with the wire perpendicular to the
tunnel °oor in order to measurethe axial turbulence intensity. A PC equipped with a data
acquisition card was usedto log the signal from the anemometer. A HP 35665ADynamic
Signal Analyzer, which performeda FFT (Fast Fourier Transform) analysis,was employed
to allow the turbulence spectrum to be monitored over a broad rangeof frequencies.More
details of the method are given in Ref. 21.

The turbulence intensity wascalculatedfrom data usinga total of 50,000sampleswith a
samplefrequencyof 10,000Hz. Figure 9 shows the resulting turbulence levels for both the
tunnel empty caseand with the full measurement apparatusinstalled. In generaltheselevels
are consideredto be su±ciently low for taking low Reynoldsnumber airfoil measurements.

The surfaceoil °ow visualization technique made use of a °uorescent pigment (Kent-
Moore 28431-1)suspendedin a light, household-grademineral oil that wassprayed onto the
surfaceof the model using a Paasche Model VL double-action airbrush. The model was
then subjected to 20{45 min of continuouswind-tunnel run time at a ¯xed Reynoldsnumber
and angle of attack. During this period, the oil moved in the direction of the local °ow
velocity at a rate dependent on the balanceof forcesdictated by the boundary-layer skin
friction coe±cient Cf and surfacetensionof the oil. As a result, regionsof the °ow could be
identi¯ed and comparedwith the NASA Langley Low-TurbulencePressureTunnel (LTPT)
data.19,20

Figure 10 shows a photograph of the surfaceoil °ow pattern made visible under °uo-
rescent light. Figure 11 conceptually illustrates the connectionbetweenthe salient surface
oil °ow featuresand the skin friction distribution. Note that the skin friction distribution,
though conceptual, is consistent with the results of many computational studies.22{ 27 The
authorsbelieve that the uniqueshapeof the Cf distribution, in particular the strongnegative
Cf spike, has yet to be experimentally veri¯ed (as no experimental data could be found);
however, the oil °ow patterns observed seemto con¯rm the validit y of the negative Cf spike
concept.

Several important °ow features can be identi¯ed and related to the underlying skin
friction and surfacetension forces. In Fig. 10, laminar °ow is seento exist from the leading
edgeto approximately 0:40c. The oil streaks are characteristically smooth in this region
until laminar separationoccurs, which is identi¯ed in Fig. 11 as the point where Cf = 0.
(Note again that the °ow shown in Fig. 11 is conceptual,and it is not intended to match
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Fig. 10 in detail.) Downstream of the point of laminar separation, the original airbrushed
\orange-peel" texture that existed prior to running the tunnel still exists, indicating that
the °ow is stagnant in this region. This stagnant °ow is consistent with the known behavior
of °ow in the interior leading-edgeregion of a laminar separationbubble. As sketched, the
Cf magnitude in this region is quite small due to the low °ow speedand negative in sign
due to reverse°ow at the surface.

In the presenceof a laminar separationbubble, transition takes place in the free shear
layer above the surfaceof the airfoil. Downstream of this point, reattachment occurs in a
processthat is known to be unsteadyas vortices are periodically generatedand impinge on
the airfoil surface.27,28 Theseunsteadyvorticescolliding with the surfacelead to a relatively
high shearstressthat tends to scouraway the oil at the meanreattachment point, pushing
oil upstreamor downstreamof the reattachment point. As seenin Fig. 11, the reattachment
line is lessdistinct becausethe bulk of the oil hasbeenpushedaway revealingthe underlying
black airfoil surface. In Fig. 10, the tunnel run time was long enoughthat the reattachment
line at 0:58c is even harder to seethan in Fig. 11. In the original high-resolution color
photographsthat werearchived, this feature is clear and easily quanti¯able.

Downstream of reattachment the boundary layer is turbulent. The high skin friction in
this arearelative to the laminar boundary layer upstreamtendsto clearaway moreoil, again
making the black surfacedownstreammore visible than in the upstreamregion.

The remainingvisible featureof the °ow is a line wherethe oil tendsto pool, termed here
the \oil accumulation line." This intrinsic feature of the oil °ow hasno direct connectionto
laminar °ow, reverse°ow in the bubble,or the ensuingturbulent °ow downstream. However,
it does indicate a relatively important feature of the °ow with regard to the nature of the
skin friction in the vicinit y of reattachment. The negative Cf spike shown in predictionsand
sketchedconceptuallyin Fig. 11 is most likely responsiblefor generatingthe oil accumulation
line. Assumingthat this is the case,the °uctuating high skin friction that is generatedover
the unsteady reattachment zone will tend to push the oil upstream ahead of the mean
reattachment point. At somelocation on the airfoil, however, the oil moving upstream will
experiencea balanceof forcesbetweenthe rapidly weakening skin friction force and that of
the surfacetensionand oil adhesionthat is retarding its motion. At the location wherethese
two forcesbalance, the oil accumulates into a line that becomesthe most distinguishable
feature of the oil °ow. Consequently, it is speculated that this °ow feature is sometimes
mislabeledas \reattachment" as will be discussedbelow.

4.2 Tool #2: XF OIL Predictions

In the data presented here,XFOIL 14 hasbeenusedasa post-designviscous/inviscid analysis
tool. A linear-vorticit y second-orderaccuratepanel method is usedfor inviscid analysis in
XFOIL. This panel method is coupledwith an integral boundary-layer method and an en -
type transition ampli¯cation formulation using a global Newton method to compute the
inviscid/viscous coupling, requiring lessthan a minute of elapsetime per polar on modern
desktop computers. For the current work ncr it was set to the default value of 9, which
is typical for a smooth wing surface in a low-turbulence environment. Each airfoil was
represented in XFOIL using 230panelsdistributed using XFOIL's default paneling routine.
XFOIL hasprovento bewell suited for the analysisof subcritical airfoils even in the presence
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of signi¯cant laminar separationbubbles.

4.3 Results

XFOIL was usedto predict the viscouspressuredistributions on the E387 airfoil as shown
in Figs. 12a{c. The characteristic pressuredistribution causedby the presenceof a laminar
separation bubble is clearly seen. Oil °ow visualization was performed to document the
locations of the major surface°ow featuresas presented in Figs. 13, 14, 15, and 16. These
results were then comparedwith benchmark data and alsoXFOIL predictions.

Figures17 and 18 show the previouslydescribed °ow featurescomparedwith benchmark
data obtainedat the NASA LangleyLTPT. In the low drag rangebetween¡ 2 degand 7 deg
angleof attack, the agreement in the laminar separationline betweenthe NASA LTPT and
UIUC data sets is mostly within 0.01c to 0.02c, which is very near the uncertainty of the
method. As previously discussed,the next feature to appear is the oil accumulation line.
The UIUC oil accumulation line agreesfairly well with the \reattachment" line identi¯ed in
the NASA experiment. It is believed, however, that basedon the previous reasoningthis
label given in the original reference20 is a misnomer. Had the UIUC tests beenperformed
for a longer duration, the reattachment zone would be scouredclean with no remaining
distinguishing feature, leaving only the oil accumulation line to be labeledas the \reattach-
ment line," knowing that one must exist. Hence,it is speculated here and in prior UIUC
work17 that such a scenariotook placein the NASA study, i.e. the oil-accumulation line was
misinterpreted as the reattachment line.

Guided by this working assumption,the two resultsagainare in good agreement. It must
be stated, however, that the oil accumulation line might changeslightly from onefacility to
the next sinceit is dictated by a forcebalancethat dependson the skin friction forcesof the
boundary layer relative to the adhesionforcesof the particular oil used. The predictions,
however, show that the negative Cf region has a sharp upstream edge,which is most likely
where the oil accumulates regardlessof the surfacetension characteristics. Di®erencesin
the oil accumulation line due to di®erencesin the type of oil used are therefore believed
to be small. The good comparisonsbetweenUIUC and Langley data tend to support this
assumption.

Moving further downstream, the UIUC reattachment data is plotted, but unfortunately
no direct comparisoncanbemadebecauseof the ambiguity with respect to the reattachment
data reported in the NASA study. However, closeinspection of the data suggeststhat at a
Reynoldsnumber of 300,000and between5 and 7 degangleof attack, the LTPT line merges
with the UIUC reattachment line. Perhapsin this case,the measurements at Langley were
indeedthe reattachment points.

The conclusionto be drawn from this comparisonof the oil °ow visualization results
is that the two facilities produce airfoil °ows that are in close agreement. Moreover, if
the arguments regarding the oil accumulation line are correct, then the agreement can be
consideredexcellent and within the uncertainty of the measurements.

To make comparisonswith predictions, the upper-surface°ow features for each airfoil
werecomputedat Reynoldsnumbersof 200,000,350,000,and 500,000and at anglesof attack
from ¡ 2 to 18 degusing XFOIL 14 (version6.94,http://raphael.mit.edu/xfoil/). Thesedata
were then usedto determine the point of laminar separationand reattachment, which are
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both de¯ned by Cf = 0 asillustrated in Fig. 11. A comparisonbetweenthesepredictionsand
experimental measurements are shown in Figs. 19, 20, and 21. The agreement is quite good,
and this lends con¯denceto using XFOIL as an integral tool for analysisof low Reynolds
number airfoils.

5 Design Philosoph y

As was discussedin Section3, the performanceof low Reynoldsnumber airfoils is strongly
dependent on the location of transition as that sets the length of the laminar separation
bubble and consequently the magnitude of the drag rise attributable to the bubble. Thus,
controlling transition is a key step towards mitigating the adversee®ectsof laminar separa-
tion bubbleson low Reynoldsnumber airfoils.

One commonapproach to controlling transition, in particular, promoting transition, is
to employ an instabilit y region in the pressuregradient or, as it is commonly called, a
transition ramp. A generaldiscussionof transition ramps can be found in Refs.13 and 29,
and additional details speci¯c to low Reynoldsnumber airfoils are discussedin Refs.15, 30,
31, and 32. Figure. 22 shows a concept sketch of a transition ramp on the upper surface
velocity distribution. A ramp canbe usedon either surfaceof the airfoil, but in theselecture
notesattention will be focusedon the upper surface.A secondapproach is to usea turbulator
or trip on the airfoil surface,such a zigzagtrip like that shown in Fig. 23. Various typesof
boundary layer trips have beenusedin the past, but for greateste±ciency three-dimensional
trips are believed to be more e®ective.33 The remainderof theselecture notes is concerned
with the former approach to promoting transition|that of using a transition ramp.

Of critical importance in the designof low Reynoldsnumber airfoils is the upper surface
pressuredistribution. The tendency of the °ow to form a laminar separation bubble can
lead to a signi¯cant degradationin performanceowing to the high bubble drag. To mitigate
these adversee®ects,a transition ramp in the pressuredistribution is often employed to
gradually bring the °ow to transition in a thin bubble without a largepressurerise and high
drag associated with an otherwisethick bubble.

Illustrating a transition ramp by meansof showing the pressuredistribution (Fig. 22) is
instructive, but the essenceof a transition ramp can be morepreciselyde¯ned by examining
the movement of transition with angleof attack. Figure 24 shows a conceptsketch of a polar
and in relation to this the transition locationson both surfacesof the airfoil. As canbe seen,
over the low drag range,transition on the upper surfaceis in the vicinit y of the midchord of
the airfoil. As the angleof attack is increased,transition movesforward asthe upper surface
pressuregradient becomesmore adverse. In thesenotes,the transition ramp as indicated in
Fig. 24 will be de¯ned as the chordwiseextent over which transition moveswhile the airfoil
operatesin the low drag rangeof the polar.

Given this approach to de¯ning a transition ramp, considerthe Wortmann FX 63-137
airfoil shown in Fig. 25 together with its inviscid pressuredistribution. As can be seen,on
the upper surfacethere is a gradual adversepressuregradient that will promote transition
as has beendescribed. Figure 26 shows the measuredlocations of the major °ow features
with angleof attack, and in this form the extents of the ramp are more clearly de¯ned. As
can be deducedfrom the ¯gure, transition (which occurs near the point of reattachment)

8



movesfrom nearly 80%of chord at low anglesof attack to near 20%of chord at an angleof
attack of near ' 10 deg. The corresponding performanceis shown in Fig. 27. The low drag
rangeof the polar extendsfrom Cl = 0:5 to Cl ' 1:6 which correspond to anglesof attack
of ¡ 2 deg to ' 10 deg, respectively.

In contrast to the FX 63-137airfoil, which was designedfor low Reynolds numbers,
the high Reynoldsnumber designNASA NLF(1)-0414F airfoil was also examined. At high
Reynolds numbers, the need for a relatively long transition ramp is diminished. Thus,
the pressurerecovery region can occur rather abruptly so long as transition occurs before
recovery. For this reason, a relatively short transition ramp is often employed. On the
NASA NLF(1)-0414F airfoil this ramp occurs at ' 70% chord on the upper surface (see
Fig. 28). At low Reynolds numbers with a steep pressurerecovery occurring this far aft,
a long bubble can be expected to occur. Indeed as shown in Fig. 29 laminar separation
occurs relatively far aft, and at the lowest Reynoldsnumber of 200,000reattachment does
not occur. For the two higher Reynoldsnumbersof 350,000and 500,000,reattachment does
occur on the airfoil. However, the resulting long bubble leadsto a signi¯cant degradationin
performanceas show in Fig. 30.

The contrast betweenthe FX 63-137and NASA NLF(1)-0414F airfoils illustrates large
performancedi®erencesresulting from correspondingly large di®erencesin their respective
transition ramps. Evensmall changesin the shape of the transition ramp, however, canhave
important e®ectson performanceas follows.

The e®ectof subtle changesin the transition ramp is demonstratedusing two example
airfoils A and B. Figure 31 shows a comparison of the geometriesand inviscid velocity
distributions. Theseairfoils were designedto each have a di®erent transition ramp that is
re°ected in a di®erent shape for the transition curve (Cl -x tr =c curve) on the upper surface.
The two airfoils wereanalyzedusing XFOIL, and Fig. 32 shows the drag polars and upper-
surfacetransition curvesfor a Reynoldsnumber of 200,000.As wasmentioned, the transition
ramp is de¯ned hereas the region over which the bubble movesgradually as de¯ned by the
transition curve. (In this context, the transition ramp might be more aptly calleda \bubble
ramp."31)

From Fig. 32, it can be seenthat airfoil A haslower drag than airfoil B at lift coe±cients
from around 0:3 to around 0:7, above which valueairfoil B haslower drag. Also noticeableis
the correlation betweenthe drag polar and the shape of the upper-surfacetransition curve.
For the Cl -rangefrom 0:3{0:7, whereairfoil A haslower drag, the transition curvefor airfoil A
is shallower than for airfoil B; that is, there is a largerchangein the valueof x tr =cfor airfoil A
than for B. For valuesof Cl from 0:7{1:2 whereairfoil B haslower drag, the transition curve
for airfoil B is shallower than for A. This ¯gure shows that the steepnessof the transition
curve is a direct indication of the bubble drag. By adjusting the shape of this curve, it is
thereforepossibleto tailor the drag polar of an airfoil at low Reynoldsnumbers.

Figure 32 also includesan overlay of the variation of bubble size(x r ¡ xs) with Cl . The
sizeof the bubble for each Cl wasobtained by determining the chordwiseextent over which
the skin-friction Cf , as predicted by XFOIL, was lessthan or equal to zero. Studying the
bubble-sizevariation for the two airfoils further illustrates the connectionbetweenthe shape
of the transition curve and the bubble drag. The bubble is larger when the transition curve
is steeper.

Figure 33 shows the inviscid velocity distributions for airfoil A at Cl valuesof 0.5 and 1.0
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with the upper-surfacebubble location marked in bold. A similar plot for airfoil B is shown
in Fig. 34. Comparing the velocity drops acrossthe bubble for the four cases,it can be seen
that while airfoil A has a smaller velocity drop than airfoil B at Cl = 0.5, the situation is
reversedfor Cl = 1.0. Sincethe pressuredrag due to the bubble increaseswith increasing
velocity drop acrossthe bubble, airfoil A has smaller bubble drag at the low Cl and larger
bubble drag at the higher Cl . Thus, a steeper transition curve results in a larger bubble and
alsoa larger velocity drop acrossthe bubble causingan increasein bubble drag.

The connectionbetweenthe transition ramp as de¯ned by the Cl -x tr =c transition curve
and the resulting performanceforms the basisof the present low Reynoldsnumber airfoil
designphilosophy. The philosophy is to prescribed the Cl -x tr =c transition curve realizing
that at most it can extend from the trailing edgeto the leading edge. Between thesetwo
points (or simply the extent of the ramp) the airfoil performancecanbe further controlled by
prescribingthe slopeof the curve|the shallower the slope, the lower the drag, and viceversa.
There are however tradeo®sthat must be addressedaswas illustrated in the prior example.
The next step involvesthe implementation of this philosophy into a designmethodology.

6 Metho dology

In this section, the philosophy of prescribing the Cl -x tr =c transition curve (which in e®ect
is the transition ramp) is conveniently implemented in the inversedesigncode PROFOIL.
First, however, generalbackground on the method and its capabilities are presented, and
following this its usein low Reynoldsnumber airfoil designis described.

The PROFOIL code10,11 embodies an inverse airfoil design method and an integral
boundary-layer method for rapid analysisat the designpoints. The method draws on the
pioneeringwork of Eppler12,13,34,35 in inverseairfoil designand analysisthrough conformal
mapping (outlined in Figs. 35, 36 and 37) and integral boundary-layer techniques, respec-
tiv ely. PROFOIL di®ersfrom the Eppler code in that laminar and turbulent boundary-layer
developments can be directly prescribed through iteration on the velocity distribution. The
method also allows for control over certain geometricconstraints, such as the local geome-
try, maximum thickness,thicknessdistribution, etc. Additional di®erencesare discussedin
Refs.10, 11, and 36. Both the boundary-layer and thickness-constraint capabilities are used
in the examplespresented in these lecture notes. A web-basedversion of PROFOIL and
further discussionis available on the web.37

The generalcapabilities of PROFOIL are illustrated in Figs. 38, 39, and 40. In Fig. 38,
three segments of an airfoil (to be designed)are speci¯ed to include a velocity distribution,
n-development (as usedin the en method for transition prediction), and H12 development,
each to be achievedat di®erent conditions. It shouldbe noted that this is merelyan example
and is not intended to be use for any practical application. Figure 39 shows the solution
that includesthe relevant characteristicsas prescribed, while Fig. 40 shows the ¯nal airfoil
shape.

For the low Reynoldsnumber airfoil designproblem, the designvariable of choice is not
the geometrynor the velocity, but instead it is the Cl -x tr =c transition curve as illustrated in
Figs. 31{34. In copingwith this problemof in e®ectprescribingthe Cl -x tr =ctransition curve,
a useful approach derives from an inherent feature of the Eppler theory for inverseairfoil
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design. Brie°y, in the Eppler method, the designercan specify for a segment of the airfoil
a designangle attack ®¤ (relative to the zero-lift line) over which the velocity is constant.
For instance, the forward upper surfacecan be de¯ned as one segment and given a design
angle of attack of 10 deg (Cl = 2¼®z ' 1). When the resulting airfoil is then operated at
10 degwith respect to the zero-lift angleof attack ®zl , the velocity over that segment is then
constant. For a higher angle of attack, the resulting pressuregradient is adverseand vice
versa. Further discussioncan be found in Refs.13 and 38.

Because(1) the boundary layer responds to the pressuregradient, (2) the designangle
of attack ®¤ for a segment has a direct e®ecton the pressuregradient, and (3) many such
segments can be usedto de¯ne an airfoil, thesethree aspects can be connectedto yield an
elegant solution to having precisecontrol over the Cl -x tr =ctransition curve. Figure 41 shows
the velocity distributions for the SA7035airfoil at several designanglesof attack. As seen,
for segments 8, 9, 10, 11, 12, and 13 the designanglesof attack ®¤ are 1.59,3.34,5.07,6.63,
7.41,and 8.21deg,respectively. When the airfoil operatesat thesevaluesof ®z, the velocity
gradient over the respective segments is zeroasshown in the exploded portion of the ¯gure.

When thesedesignanglesof attack ®¤ are plotted vs. the segment-endpoint arc limits Á
usedin the conformalmapping to generatethe airfoil, the resulting curvesshown in Fig. 42
mimic the corresponding transition curvesover the respective surfaceof the airfoil, thereby
providing a meansof controlling the transition ramp and resulting drag as was done also
with the exampleof Figs. 31 and 32. For the SA703xseries,the ®¤-Á curve shown in Fig. 42
maps from leading edgeback to segment-endpoint 1 or approximately 75% of the chord
(seeFig. 41). It is over this region that the ramp is controlled by the ®¤-Á curve, with the
remainderbeing controlled by the ¯nal trailing edgepressurerecovery seenin Fig. 41. The
essenceof this technique has beenemployed in the designof most of the S*xxxx four-digit
airfoils reported in the literature and archived in Refs.16, 17, 31, 37, 39, and 40.

The PROFOIL code, which is written in Fortran, has beenintegrated with a graphical
user interface (GUI) using Matlab. This GUI code, given the name MFOIL, allows the
user to interactively modify the ®¤-Á curve and view the resulting changesin the airfoil and
corresponding velocity distributions. Samplescreengrabs of the code are show in Figs. 43
and Fig. 44.

The remainderof thesenotesare devoted to applications of the methodology.

7 SD7003 and SD2030 Airfoil for F3B Mo del Sailplanes

This ¯rst example airfoil, the SD7003,was designedin 1989 and documented in Ref. 31.
Originally it wasintendedfor F3B R/C soaringcompetition, and at the time of its designits
overall dragcharacteristicswerepredictedandmeasuredto bethe lowestof several competing
sections. Figure 45 shows the airfoil and inviscid velocity distributions while Fig. 46 shows
the ®¤-Á curve.

What distinguishesthis airfoil from many others is the rather long and quite shallow
transition ramp as seenin Figs. 47, 48, and 49 and as is consistent with the shape of the
®¤-Á curve. In fact, the upper surfacetransition ramp extends along the entire length of
the airfoil. The shallow ramp yields a thin bubble and consequently little associated bubble
drag as can be deducedfrom the polars shown in Fig. 50. Several attempts were made to
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reducethe drag through the useof turbulators, but they either increasedthe drag or had
no e®ectas documented in Ref. 31. This fact is further evidencethat the bubble drag is
quite small for this section. Another interesting observation is that as comparedwith the
E387(and several other airfoils) the oil °ow on the surfaceof the SD7003wasmoresmeared
without the high degreeof °ow feature de¯nition seenin Fig. 10.

During this exploratory period in 1989when there was generally lessknown about low
Reynoldsnumber airfoils, a secondF3B airfoil, the SD2030shown in Fig. 51, was designed
for higher Reynoldsnumber operation with the useof camber changing °aps. The design
philosophy was opposite that of the SD7003in that the bubble ramp was rather short and
positioned far aft on the airfoil. Although the ®¤-Á curve is not shown, it mirrors the
shape of the Cl -x tr =c transition curve that is shown together with the polar in Fig. 52. As
comparedwith the SD7003,the ramp on the SD2030is steeper and occurs further aft on
the airfoil. From this information alone, one would expect the drag to be higher at the
lower Reynoldsnumbers,and this is indeedthe caseasseenin the predictions (Fig. 52) and
measuredperformanceshown Fig. 53. For Re = 500,000,however, the extended runs of
laminar °ow give rise to lower drag than the SD7003,which was one of the original design
goals. (It is worth noting the generally good agreement between the XFOIL predictions
and experiment, particularly at a Reynoldsnumber of 200,000.The model in this casewas
accurate to 0.006 inch for the 12-inch chord model that was tested.4 In comparison, the
SD7003was accurateto 0.004inch.31)

8 SG604x Series for Small Wind Turbines

The SG604xseriesof airfoils41 as shown in Fig. 55 was designedfor small variable-speed
horizontal-axis wind turbines having a rated-power of 1{5 kW. The operational Reynolds
number for such machines is typically below 1,000,000.The focus here will be on the per-
formanceat a Reynoldsnumber of 300,000,which represents rotors on the lower end of the
range. In ideal conditions,variable speedwind turbines operateat a constant tip speedratio
( R=V1 ), which leadsto the airfoil operating at a singleangleof attack over a wide range
of wind speeds. As a result, for optimum aerodynamic performanceduring variable-speed
operation, the low-drag lift range (drag bucket) can be reducedin favor of having greater
lift-to-drag ratios. However, to account for possiblevariations in the tip-speed-ratiocaused
by atmosphericturbulence and operational considerations,the best lift-to-drag ratio condi-
tions should occur over a rangeof lift coe±cients centered about the designlift coe±cient.
In rotor design,another factor dealswith the trade-o®betweenthe blade solidity and the
designlift coe±cient. With all elsebeing equal,a high-solidity rotor requiresan airfoil with
lower lift than that required for a low-solidity rotor. Therefore, given the range of rotor
designs,a family of airfoils that cover a range of lift coe±cients is desirable. These gen-
eral considerationsand others weretaken into account in setting the designrequirements as
detailed more thoroughly in Ref. 41. The current discussionis mainly concernedwith the
details of the designapproach.

PROFOIL was usedto prescribe the desiredaerodynamic characteristics. In a manner
similar to that usedin the previously discussedSD7003and SD2030airfoils, the ®¤-Á curve
wasprescribedto de¯ne the desiredshapeof the Cl -x tr =ctransition curve. Sincethe objective
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wasto achievea high lift-to-drag ratio with lessemphasisbeinggivento operation over a wide
range,the ramp on the upper surfacewasmadeto be rather shallow at the speci¯c designlift
coe±cients of 0.6,0.9and 1.2 for the SG6041,SG6042,and SG6043,respectively. Additional
constraints includedthe pitching moment, which increasedwith the designlift coe±cient and
also the airfoil thicknessof 10%. It should be added that for easeof construction a ¯nite
trailing-edge anglewas used,producing a zero trailing-edge velocity as seenin Fig. 55.

Performancepredictions at a Reynolds number of 300,000are shown in Fig. 56 and
compare relatively well with the experimental results of Fig. 57. Most importantly, the
trends in the predictionsagreewell with experiment, and alsothe behavior of the ®¤-Á curve
is re°ected in the transition curve (Fig. 56).

Figure 58shows the resulting experimentally-determined lift-to-drag ratios at a Reynolds
number of 300,000ascomparedwith thosefor many previouslyexisting airfoils. The SG6040
shown in the ¯gure is the thicker companionroot airfoil for the seriesof tip airfoils discussed
here. Clearly, the objective of achieving high lift-to-drag ratios hasbeenachieved. Given the
high level of performance,theseairfoils will likely ¯nd their way into applications beyond
wind energy.

9 S607x Series Designed for Low Pitc hing Momen t

The S607xseriesis composedof three seriesof three airfoils each. The e®ort ¯nally lead
to an airfoil for its intended application that required a low pitching moment and optimum
performanceat a Reynolds number of 150,000and lift coe±cient near 1. Only data for
a Reynoldsnumber of 200,000is presented here, however. The seriesevolved from a 9%-
thick family to 12%,and then permutations in the pitching moment weremadewhile other
improvements were incorporated. In these lecture notes only the secondtwo seriesare
discussed.

For the secondseries(S6074/5/6), the study centered on the upper-surfacetransition
ramp. Figure 59 shows the small changesin the ®¤-Á curve to optimize the transition ramp
soasto achieve optimum performancenearCl ' 1. Thesedi®erencesresult in small changes
to the resulting velocity distributions shown in Fig. 60. As seen,the shallower ®¤-Á curve
for airfoil S6076results in a shallower pressuregradient over the forward upper surface.The
di®erencesin the airfoil shapesare sominute that a magni¯cation of the y-axis is neededto
highlight the di®erences.Thesesmall changesto the ramp, however, do have a signi¯cant
e®ecton the bubbleasmay bededucedfrom the wind-tunnel testsresultsdepictedin Fig. 61.

Unfortunately, this seriesexhibited undesirablehysteresisasseenin the lift and moment
curves shown in Fig. 62. The occuranceof hysteresissometimesfound at low Reynolds
numbers (as in this case)cannot be predicted by any computational method. However,
should hysteresisarise, an attempt can be made to reduce the amount of hysteresisor
eliminate it entirely. The ¯rst stepstoward this remedyrequiressomeunderstandingof the
°ow phenomenon.

Figure 63 shows two typesof hysteresisthat sometimesappear on low Reynoldsnumber
airfoils. The °ow states corresponding to points A and B on opposite branches of the
hysteresisloops is sketched in Fig. 64. For caseA, a short laminar separationbubble exists
on the upper surfacenear the leading edge. Downstream of this point the °ow is mostly
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attached, but sometrailing edgeseparation(not sketched) may exist. For caseB, the °ow is
in a stalled state, and laminar °ow extendsto the point of separation,which occursnear the
midchord or even closerto the leadingedge.As shown both of these°ow statesare possible
at the sameangleof attack (as indicated in Fig.63), and hencethere is hysteresis.

What separatesand distinguishesthe two casesshown in Fig. 63 is the order in which
°ow states A and B occur. For the clockwise hysteresisloop, when the angle of attack is
decreasingout of stall on the lower branch, the °ow is ¯rst massively separated. Then at
a certain point, a small bubble is formed and the lift jumps to the upper branch. For the
counter clockwise loop, the opposite situation occurs. First, a small bubble residesnear
the leading edge,and then it bursts and jumps to the lower branch where there is massive
separation. When the angleof attack is increasedfrom the normally attached°ow condition,
the description follows along similar lines except the °ow statesare reversed.

For the current series,the clockwisehysteresisloop is present. Its elimination dependson
a short bubble attaching to the leadingedgeas the airfoil comesout of stall with decreasing
angle of attack. To promote the formation of this bubble, one strategy involves making
the leading edgesuction peak stronger, thereby causinga leading edgebubble and hence
transition to form sooner. This approach was taken.

Figure 65 shows the resulting S6077/9 designs(S6078is omitted) that have stronger
suction peaksascomparedwith the prior series.A secondarypurposeof this ¯nal serieswas
to examine the e®ectsof a change in the pitching moment, which was speci¯ed using the
inversecapabilities of PROFOIL. In comparing the velocity distributions shown in Fig. 60
with thosein Fig. 65, it is seenthat this current serieshasa moreconcavevelocity distribution
on the forward upper surfaceto further promotethe early formation of a leadingedgelaminar
separationbubble. This di®erenceis re°ected in the shapesof the S6074/6vs. S6077/9. As
seenin Fig. 67, this changein the velocity distribution is enoughto practically eliminate the
stall hysteresis. Finally, the performanceis shown in Fig. 68. One feature of using a more
concave distribution is that the ®¤-Á curve (not shown) becomesmore shallow. As a result,
the laminar separationbubble drag is reducedat the upper corner of the low drag range,
yielding lower drag than the S6074/6airfoils but also lower maximum lift as a tradeo®.

10 S1223 High Lift Section

Increasedpayloads, shortened takeo®and landing distances, reduced aircraft noise, and
loweredstall speedscan all be derived from the bene¯cial e®ectsof improved high-lift airfoil
aerodynamics. It is, therefore, not surprising that the classicproblem of high-lift airfoil
design has been and remains a topic of considerableinterest.13,42{ 44 The purposehere is
to present a high-lift airfoil designphilosophy for the increasingly important low Reynolds
number regimein which smallunmannedaerialvehicles(UAVs) operate. Only single-element
airfoils are consideredhere.

Airfoils for such aircraft typically operate in the Reynolds number range 200,000to
500,000.For example,U.S. Navy electronicwarfare UAVs (e.g., LAURA45 and FLYRT46,47

aircraft) °y at ship-like speedsranging from 25 to 40 knots with payload requirements
varying from 10 to 25 lbs. The small vehicle size required for e±cient shipboard storage
coupledwith low °ight speedsand demandingpayload requirements placesgreat emphasis
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on high-lift low Reynoldsnumber aerodynamics. A similar-sizedaircraft, the hand-launched
Pointer UAV operated by the U.S. Army,48 is used to perform short-rangereconnaissance
missions.Moreover, smallpayload-ladenUAVs havebeenenvisionedfor missionsthat involve
atmosphericsampling, border surveillance, forest ¯re detection/tracking, ship- or aircraft-
wreck survivor search and weather monitoring. In each case,high-lift airfoil performance
can to varying degreesplay an important role.

To placethe current work in a proper global context, Fig. 69 presents the maximum lift
characteristics of a number of representativ e low-speed airfoils taken from various sources
documented in Ref. 1. Although not all of theseairfoils were speci¯cally designedfor high-
lift, a predictableand anticipated trend emerges|the lower the Reynoldsnumber, the lower
the maximum lift. In particular, in going from a Reynoldsnumber of 1 £ 106 to 1 £ 105, a
sharpdrop in Cl ;max is seenin the available data. The lower endof this rangeis of interest in
the designof small UAVs basedon current trends.46 In particular, this sectionof the notes
focuseson high-lift airfoil designfor a Reynoldsnumber of 200,000.

It should be mentioned that high lift is rarely the only desirable feature of an airfoil.
The airfoil lift-to-drag ratio, enduranceparameter, thickness,pitching moment, stall char-
acteristics and sensitivity to roughnessare all important factors, among others, that must
each be weighedseparatelywhen oneconsidersselectingor designingan airfoil. This study
focuseson those factors most related to enhancedhigh-lift low Reynolds numbers airfoil
performance.

Basedon an analysis of several high lift sections,Fig. 70 shows the pitching moment
characteristicsvs. the typeof upper-surfacepressurerecovery for several airfoils. The FX 63-
137with its relatively high (negative) pitching moment and convex pressurerecovery appears
towards the upper left corner. In contrast, airfoils with a Stratford-like concave pressure
recoveriesand low pitching moments, such as the Miley M06-13-128airfoil,43 appear on the
lower right. Also shown in the Fig. 70 areseveral trend lines that, togetherwith the moment
and recovery-type information, can be usedto deducea strategy for high-lift low Reynolds
number airfoil design. It shouldbe noted that the ¯gure is usedto only illustrate the trends
and qualitativ e ideasdiscussed.Thus, it is not intended to be wholly accuratewith respect
to the placement of the airfoils. For instance,two airfoils canhave the samepitching moment
and similar recovery distributions and henceoccupy the samepoint on the plot, yet these
two airfoils could exhibit di®erent camber, Cl ;max and stall characteristics. In the ¯gure,
the airfoils are placedmost accurately with respect to the Cl ;max and shape of the recovery
distribution.

One trend depicted in Fig. 70 is that an airfoil typically becomesmore cambered when
the pitching moment increasesand/or when the recovery becomeslessconcave and more
convex. Another trend is that the trailing-edge stall becomesmore abrupt as the pressure
recovery becomeslessconvex and more concave. \Stall rate" (as denotedin Fig. 70) refers
to the shape of the lift curve at stall. The FX 63-137 is an example of an airfoil with
a \slow" trailing-edge stall for which the point of turbulent separation slowly progresses
forward asthe angleof attack increases.The M06-13-128is an exampleof an airfoil that has
a \mo derate" trailing-edge stall.1 The lift curve peaksat Cl ;max , then falls o®more rapidly
than the FX 63-137airfoil. This characteristic is indicative of a turbulent separationpoint
that movesforward more quickly with increasingangleof attack.

The last trend shown in Fig. 70 is that the maximum lift coe±cient increasesas the
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pitching moment increasesand as the pressurerecovery approachesthat of a Stratford dis-
tribution. The FX 63-137is a good exampleof increasingthe Cl ;max primarily through added
pitching moment. In contrast, classicLiebeck-type airfoils49 (such as the M06-13-128)are
good examplesof increasingthe Cl ;max mainly through the useof a Stratford distribution.

Speci¯cally, the Liebeck high-lift designphilosophy10 involvesusing a Stratford distribu-
tion to recover the most pressurewithout separationat Cl ;max . Sinceseparationis avoided
entirely, the prototypical Liebeck airfoil is onewith no aft loading,which yieldsa low pitching
moment. The M06-13-128servesas an exampleof applying the Liebeck designphilosophy
at low Reynoldsnumbers. Although the M06-13-128has a high mid-range bubble drag at
the o®-designReynoldsnumbers of 300,000,the Cl ;max is approximately 1.5. This value for
Cl ;max is high, especially in light of the intrinsic low pitching moment.

It is discussedby Eppler13 that to achieve maximum lift on an airfoil with a concave
Stratford-like recovery the low pitching-moment constraint should be relaxed. In a compu-
tational study for Reynoldsnumbersabove 1£ 106, Eppler showed that the lift of an airfoil
with a concave recovery can be increasedthrough the use of aft loading. The airfoils in-
corporated the favorable e®ectsof both a concave recovery distribution and addedpitching
moment to achieve high Cl ;max values. In Fig. 70, airfoils of this type would appear between
the FX 63-137and M06-13-128,but displacedin the direction of increasedlift.

As further discussedin Ref. 1, theseconsiderationsand others were used to designan
airfoil with Cl ;max greater than 2 for a Reynoldsnumber of 200,000. Figure 71 shows the
inviscid velocity distributions predicted by the Eppler code12 for the S1223for Cl = 1:95.
Through the useof PROFOIL, the upper-surfacevelocity distribution corresponding to the
designCl ;max was determined from a speci¯ed boundary-layer development. In particular,
from the leading edgeto near 0.20c, the boundary layer was prescribed to be near laminar
separation,an approach that could be consideredas a \laminar analogy" to the turbulent
Stratford pressurerecovery.50,51 At 0.20c, a short bubble ramp was employed. The main
pressurerecovery was prescribed by specifying the turbulent boundary layer to be increas-
ingly near turbulent separationtoward the trailing edge. Finally, aft loading was employed
at the trailing edgesince,asdiscussed,the penalty due to limited trailing-edgeseparationis
expectedto be more than o®setby the gain in Cl ;max .

Measuredlift characteristicsfor a Reynoldsnumber of 200,000are shown in Fig. 72. The
results indicate a Cl ;max of approximately 2.2, which clearly validates the aforementioned
designphilosophy. As comparedwith the Cl ;max of 1.75for the FX 63-137,a Cl ;max of 2.2 for
the S1223represents a 25%increase.It should be noted that the S1223exhibits acceptable
moderatestall characteristicsmuch like the M06-13-128.This characteristic is important for
someUAVs that operatewith the airfoil nearCl ;max to achieve low-speed°ight requirements
for loiter, cruiseor landing.

In an e®ort to increasethe Cl ;max of the S1223,it was tested with vortex generators
(VGs) locatedon the upper surfaceat 0.17c and, separately, with a 0.01c Gurney °ap.1 The
VGs produceda Cl ;max of 2.3 for increasinganglesof attack followed by an abrupt stall and
a hysteresisloop. Thus, the VGs as tested were not bene¯cial. The lift performancewith
the Gurney °ap yielded a Cl ;max of 2.3, and the stall wasmuch like that of the cleanairfoil.

Drag data was taken on the S1223and is shown in Fig. 73. When the drag coe±cient
exceededapproximately 0.05,no further data wastaken sincethe airfoil waspartially stalled
in which casethe accuracyof the wakerakemeasurements aresuspect. As comparedwith the
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FX 63-137,the S1223hashigher drag, which is an expectedtradeo®for such high maximum
lift coe±cients.

11 SA703x Series for Thermal Duration Sailplanes

This last examplepresents a seriesof airfoils for application to radio controlled (R/C) model
aircraft, speci¯cally R/C soaring. The interest in designingsuch a serieswas motivated by
the results of a survey at the 1996AMA Nationals/Unlimited Thermal Soaring Category
that showed of the 101 responses(from nearly all of the participants) 40 of the pilots used
the SD7037airfoil31 shown in Fig. 74 together with its inviscid velocity distribution. Two
other airfoils (S3021and RG15) each numbered 8 in use, followed by the fourth (SD7080)
with 6, and then 24 di®erent airfoils wereusedon the remainder. Despite the overwhelming
popularity of the SD7037,it wasobvious that this airfoil could not be the optimum for a wide
rangeof sailplaneswith di®erent sizes,wing loadingsand weather conditions. For example,
in somesituations pilots would bene¯t by having a faster versionof the SD7037(lower lift),
and in others a slower version (higher lift) might be preferable. Thus, the SD7037became
the baselinefor this series.

For the series,the objective was to produce a range of similar performing airfoils that
di®eredwith respect to their lift range. One approach would be to make simple camber
changesto the SD7037to arrive at the new airfoils, but this processwasnot usedbecauseit
is more attractiv e to control the performanceby using the inversecapabilities in PROFOIL.
In particular, PROFOIL was used to set the lower corner of the polar by specifying that
the laminar boundary layer on the lower surfacebe closeto separatingat the lift coe±cient
at the lower corner of the polar. The shape of the polar above this lift coe±cient was then
obtained by tailoring the upper surfacetransition ramp as was discussed(seeFig. 42).

Figure 75 shows the particular laminar boundary-layer development prescribed for the
lower corner of the polar. This boundary-layer shape parameter H 12 distribution, which is
closeto laminar separation,was speci¯ed to be achieved at the designanglesof attack of
1.75, 2.15, 2.55 and 2.95 deg relative to the zero-lift line to produce each respective airfoil
of the SA703xseriesshown in Fig. 76. (The SA7037mimics the baselineSD7037.) In the
¯gure, the velocity distributions are plotted at angle of attack increments equal to those
that separatethe aforementioned lower surfacedesignanglesof attack. The corresponding
boundary-layer shape parameterdevelopments aspredicted by XFOIL for the lower surface
designcondition are shown in Fig. 77, and they are practically identical to the prescription
shown in Fig. 75. It is worth noting that the laminar boundary-layer H 12 developments are
plotted for a Reynoldsnumber of 200,000;however, the laminar development to transition
is independent of the Reynoldsnumber as discussedin Ref. 13.

When each airfoil is operatedbelow the respectivedesignangleof attack for the lower sur-
face,laminar separationand subsequent transition in the laminar separationbubble quickly
move forward and lead to higher drag at the end of the low drag range. This result is found
in the predictions of XFOIL shown in Fig. 78 and validated by the wind tunnel test results
shown in Fig. 79. (In placeof the SA7037,the baselineSD7037wastested.) Additional data
for theseairfoils over the Reynoldsnumber range from 100,000to 300,000can be found in
Ref. 17, and tabulated data is available from the web.37
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12 Conclusions

In these lecture notes, an approach to the designof low Reynoldsnumber airfoils was de-
scribed. The power of modern computational tools for low Reynoldsnumber airfoil design
and analysiswasdiscussedwith several examplesillustrating the overall approach. Emphasis
was placed on the designof the airfoils basedon boundary-layer considerationsrelated to
the laminar separationbubble and transition. More speci¯cally, the parameterizationof the
design problem centered around prescribing desirableboundary-layer features through an
inversemethod. Formulating the designproblem in this way o®ersthe designerconsiderably
morepower than onewould otherwisehave usingmore traditional methods of inversedesign
(basedon a single-point velocity distribution) and designby geometricperturbation. The
design approach and philosophy can be used successfullyto assessdesign trade-o®swith
a high degreeof control. Finally, wind-tunnel testing of low Reynolds number airfoils is,
however, still neededto provide engineerswith a necessarylevel of con¯dencerequired to
make important engineeringdecisions.
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(a) Direct designmethods (b) Inversemethod via velocity distributions

(c) Inverseviscousdesign(H 12 shown in con-
ceptual example)

(d) Optimization methods that optimize per-
formance

Figure 1: Various approachesto airfoil design.
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Figure 2: Design variables that should be
considered:velocity distribution, boundary
layer developments, airfoil geometry, and
performance.

Figure 3: Multip oint designconsiderations
in connectionwith the desiredairfoil perfor-
manceand corresponding velocity distribu-
tion that givesrise to that performance.

Figure 4: Smoke°ow visualization of a lam-
inar separationbubble on the E387 airfoil
at a Re = 100,000,® = 2 deg. (Photo cour-
tesy of Prof. T.J. Mueller and G. M.Cole,
University of Notre Dame, 1990.)

Figure 5: E®ect of transition location on
bubble size and drag increment (adapted
from Drela15).
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Figure 6: UIUC 3£ 4 ft low-speedsubsonic
wind tunnel.

Figure 7: Experimental setup with Plexi-
glasssplitter plates and traverseenclosure
box not shown for clarity.

Figure 8: Photograph of the UIUC 3£ 4 ft
low-speed subsonic wind tunnel test sec-
tion.
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Figure 9: Turbulence intensity at tunnel
centerline, empty test sectionand with rig
in place.
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Figure 10: Representativ e upper-surface
oil °ow visualization on the E387, Re =
300,000,® = 5 deg.

Figure 11: Conceptualillustration of the re-
lationship betweenthe surfaceoil °ow fea-
tures and skin friction distribution in the
region of a laminar separationbubble plot-
ted against the airfoil arc length.
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(a) Re = 200,000

(b) Re = 350,000

(c) Re = 500,000

Figure 12: Predicted pressuredistributions and evidenceof a laminar separationbubble on
the E387airfoil for several Reynoldsnumbersover a rangeof anglesof attack.
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Figure 13: Locations of the upper surface
°ow features for the E387 airfoil at Re =
200,000.
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Figure 14: Locations of the upper surface
°ow features for the E387 airfoil at Re =
350,000.
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Figure 15: Locations of the upper surface
°ow features for the E387 airfoil at Re =
500,000.
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Figure 16: Locations of the upper surface
°ow featuresfor the E387 airfoil for Re =
200,000,350,000and 500,000(`E' denotes
that this is the 5th E387model in the UIUC
collection).
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Figure 17: Comparison of major E387
upper-surface°ow featuresbetweenUIUC
and NASA LTPT for Re = 200,000.
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Figure 18: Comparison of major E387
upper-surface°ow featuresbetweenUIUC
and NASA LTPT for Re = 300,000.
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Figure 19: Comparison of major E387
upper-surface°ow featuresbetweenUIUC
and XFOIL for Re = 200,000.
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Figure 20: Comparison of major E387
upper-surface°ow featuresbetweenUIUC
and XFOIL for Re = 350,000.
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Figure 21: Comparison of major E387
upper-surface°ow featuresbetweenUIUC
and XFOIL for Re = 500,000.

Figure 22: Conceptual illustration of a
transition ramp on the upper surfaceof an
airfoil.

Figure 23: Surfaceoil-°ow visualization on
an airfoil with a zigzagboundary layer tur-
bulator that promotes rapid transition at
the trip location.

Figure 24: De¯ning the upper surfacetran-
sition ramp as the chordwise extent over
which transition moveswhile the airfoil op-
eratesin the low drag rangeof the polar.
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Figure 25: Inviscid pressuredistributions
for the FX 63-137airfoil.
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Figure 26: Locations of the upper surface
°ow features for the FX 63-137airfoil for
Re = 200,000,350,000and 500,000.
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Figure 27: Measuredperformancefor the
FX 63-137.

Figure 28: Inviscid pressuredistributions
for the NASA NLF(1)-0414F airfoil.
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Figure 29: Locations of the upper sur-
face °ow features for the NASA NLF(1)-
0414Fairfoil for Re = 200,000,350,000and
500,000.
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Figure 30: Measuredperformancefor the
NASA NLF(1)-0414F.
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Figure 31: Inviscid velocity distributions
for airfoils A and B to study the di®erent
e®ectson drag.
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Figure 32: XFOIL predictions for airfoils A
and B to illustrate the e®ectsof changesin
the transition ramp on drag.
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Figure 33: Inviscid velocity distributions
for airfoil A with the locationsof the bubble
marked.
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Figure 34: Inviscid velocity distributions
for airfoil B with the locationsof the bubble
marked.

Figure 35: Conformal mapping of a circle
to an airfoil.

Figure 36: De¯nitions of °ow speedand an-
gle on the airfoil.

Figure 37: Flowchart of stepstaken to ob-
tain the geometry of an airfoil given the
speci¯ed °ow velocity (several details omit-
ted).
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Figure 38: Speci¯cation to be achieved.

Figure 39: Partial velocity distributions
and boundary-layer developments corre-
sponding to the designconditions (R = 1£
106 for the n-development, smax = 2:067).

Figure 40: Airfoil and velocity distributions
for ® = 8, 10 and 15deg.
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Figure 41: SA7035inviscid velocity distri-
butions showing the zeropressure-gradient
segments and corresponding design angles
of attack ®¤.
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Figure 42: Linkage between the ®¤-Á and
Cl -x tr curvesfor the SA703xairfoil series.

Figure 43: Interactive Matlab MFOIL GUI
for PROFOIL showing the velocity distri-
bution.
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Figure 44: Interactive Matlab MFOIL GUI
for PROFOIL showing the ®¤-Á curve edit
window.

Figure 45: Inviscid pressuredistributions
for the SD7003airfoil.
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Figure 46: SD7003airfoil ®¤-Á curves for
control over the Cl -x tr curves.
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Figure 47: Comparison of major SD7003
upper-surface°ow featuresbetweenUIUC
and XFOIL for Re = 200,000.
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Figure 48: Comparison of major E387
upper-surface°ow featuresbetweenUIUC
and XFOIL for Re = 350,000.
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Figure 49: Comparison of major E387
upper-surface°ow featuresbetweenUIUC
and XFOIL for Re = 500,000.
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Figure 50: Measuredperformancefor the
SD7003.

Figure 51: Inviscid pressuredistributions
for the SD2030airfoil.

Figure 52: XFOIL predictions for the
SD2030.
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Figure 53: Measuredperformancefor the
SD2030.
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Figure 54: SG604xairfoil series®¤-Á curves
for control over the Cl -x tr curves.
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Figure 55: SG604xairfoils and inviscid ve-
locity distributions.

Figure 56: XFOIL predictions for the
SG604xairfoil series.
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Figure 57: Measuredperformancefor the
SG604xairfoil series.
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Figure 60: S6074/6airfoils and inviscid ve-
locity distributions.
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Figure 61: Measured drag polars for the
S6074/6airfoils.
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Figure 62: Measured lift curves for the
S6074/6airfoils.
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Figure 63: Two typesof hysteresisin lift on
airfoils at low Reynoldsnumbers.
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(a) Flow state A

(b) Flow state B

Figure 64: Flow statescorresponding to the
upper and lower branchesof the hysteresis
loopsseein Fig. 63.
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Figure 65: S6077/9airfoils and inviscid ve-
locity distributions.
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Figure 66: S6074/6/7/9 airfoils with the
thicknessmagni¯ed to show the small dif-
ferences.
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Figure 67: Measured lift curves for the
S6077/9airfoils.
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Figure 68: Measured drag polars for the
S6077/9airfoils.
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Figure 69: Maximum lift coe±cient of sev-
eral airfoils over a rangeof Reynoldsnum-
bers.

Figure 70: Trends in low Reynolds num-
ber airfoil characteristicsasfunctions of the
pitching moment and type of upper-surface
pressurerecovery distributions.

Figure 71: Inviscid velocity distributions
for the S1223airfoil for Cl = 1:95 (invis-
cid).

Figure 72: Measuredlift characteristicsfor
the S1223airfoils at Re = 200,000.
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Figure 73: Measuredperformancefor the
S1223.
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Figure 74: SD7037airfoil and inviscid ve-
locity distributions.
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Figure 75: Lower-surface laminar
boundary-layer development prescribed
for the SA703x airfoil seriesfor the lower
corner of the drag polar.
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Figure 76: SA703xairfoils and inviscid ve-
locity distributions.
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Figure 77: Laminar boundary-layer devel-
opment achievedfor the SA703xairfoils and
the agreement with the prescription.

Figure 78: XFOIL predictions for the
SA703xairfoil series.
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Figure 79: Measuredperformancefor the
SA703xairfoil series.
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