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THE DRAG OF SAILPLANES

Bob Said, the editor of "Soaring” explains the significance
of this paper in his introductory comments. Its contents apply
to model sailplanes as fully as they do to manned aircraft and it
should tell us clearly, how drag reduction efforts will pay off
in our design and building efforts, Oran W. Nicks is a noted
researcher (Deputy Director of NASA’s Langley Research Center at
the time of his retirement), and an excellent sailplane pilot as
well. He is now a member of the faculty of Texas A&M University,
where he is continuing his aeronautical research.

This paper is published with the permission of Mr. Nicks and
"Scaring" (the magazine of the Soaring Society of America).
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In Simple English,
The Lowdown on Slowdown

by ORAN W. NICKS

Two kinds of people talk about drag those who don’t know
any more about it than you do, and those who know so much
more that they can talk only in equations, coefficients, vector
diagrams, Greek letters and other mystifying symbols, Here is an
unusual discussion of drag by @ man who knows a whole lot more
about it than most of us, but who contrives to explain it in terms

. that even a glider pilot can understand. Want to know how many
pounds of penalty drag is causing you, where and how and what
to do to cut it down? Read on. The author spent 12 years with
North American and Chance Vought, 20 years with NASA (half
of them as Deputy Director of the Langley Research Center) and
the last four rurming the wind tunnel program at Texas A&M
University. He is Chairman of the Technical Board of the 554,
and an active pilot of his own LS-1f -Ed.

drag. Experts who make scientific studies of soaring

speak of it in terms of coefficients, variations with

Reynolds number, dynamic pressure and other expressions

having vague or unknown meanings to most of us. Since

- drag needs to be understood by all who soar, there ought to

be some way to relate its causes and effects in terms more
easily understood.

The problem of learning to speak “Aerodynamics” be-
fore discussing drag with an aerodynamicist is somewhat
like having to learn French before conversing with a
Frenchman. Perhaps, if we are lucky, the Frenchman has
already learned English and is able to communicate in that
form. With that simile in mind, why, then, can't an aerody-
namicist who also speaks English translate for us? At the
risk of speaking “Aerodynamics” with a bad accent, I've
decided to give it a try.

First, let’s discuss the drag on a sailplane as a total force,
measured in pounds, that is trying to hold us back. In a
glide, we are always going “downhill”, and like the kid on
the skateboard, the steeper the hill the faster the speed. Of
course, the less the drag, the faster we can go a given
slope—the kid with bad bearings will have to find steeper
hills to go as fast as he would like. Similarly, the more drag
we have, the steeper our glide and the quicker the flight is
over at the bottom of the “hill”,

3. 1l soaring enthusiasts are aware of the importance of
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Figure 1
DRAG ACCOUNT 8Y COMPOMENT — 15 METER SPAN
WINGE LEVEL
At 1mn~ph(a1k ) Arssmh(dam)
Total Drog bs. ‘ot & 238 bs
Wrg—60% 22.2 b Wing—| 1920 b
Body--25% 9.3 b Bodv—izs 29 bs
© To—10% a7 bs Tol— 5% 12 bs.
Other— 5% 18 bs Cther— 3% 0.7 bs
1% = 037 8. 1% = D2dbs

For the sake of illustration, the drag of a 15-meter sail-
plane is presented (Figure 1) at two conditions: 1) a cross-
country or high-speed case and, 2) for maximum glide or a
low-speed case. The total drag is about 37 pounds at 100
mph and is reduced to about 23.8 pounds at 55 mph. You
probably expected it to be less at a lower speed, for after all,
we are familiar with the change in resistance as we change
speeds. It's very important when swimming in a fluid
called water that our resistance is greater as we go faster,
and believe it or not, air is a fluid that behaves in accord
with the same laws as water at the speeds sailplanes fly.

Drag Breakdown By Component

Figure 1 shows the contributions of major components to
the drag. In cruise flight the wing contributes 60% of the
total drag or 22.2 pounds. Of course the wing provides the
lift to make flight possible, and its size is determined by the
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weight of the glider and the speeds to be flown. If we could
always fly fast the wing could be smaller and its drag
would be less, but we have to be able to fly slowly to ther-
mal and to land safely, so the wing size is greater than
required for cruise. .

The body is just a streamlined fairing around the pilot
and payload, but its cross-sectional area and its surface or
“wetted” area are important parameters affecting drag. The
supine seating in high performance sailplanes helps to re-
duce both the cross-section and the wetted areas.

Vertical and horizontal tails are necessary to meet the
requirements for stability and control, which determine tail
sizes and therefore tail drag. For optimum cruise conditions
we could almost do without them, but alas, we must haul
them around so that they will be available when we want
to manuever, change speeds, change center of gravity or
balance conditions, and deal with turbulence and gust dis-
turbances. On most airplanes, the “tail group” contributes
about 10% of the total drag during cruise. When the wing is
doing a lot of lifting at low speeds, the tail drag percentage
is less only because of the increase in wing drag.

When drag values for all major components are added
together, they total somewhat less than the drag measured
for the complete sailplane. Things like tail skids, total ener-

Figure 2

DRAG BREAKDOWN BY CAUSE— 15 METER SPAN

WINGS LEVEL
At 400 rgh (B7 ki5) At 55 rrpsh (48 kis)
mgox 19.4 bs. 2% 118
Pressure % 14.8 bs, % 228,
nduced W% 378 5% 13.61s.
" interference £% 19bs. 5% 1.21bs.
TOTAL 100% AT 0w, 100% 2388

gy probes, air vents and such have to be included in a cate-
gory called “other”. ‘

The main point to be gained from this account is the
obvious fact that as far as sailplane drag is concerned, “the
wing's the thing!” As we will see later, in addition 'to the
effect of area already mentioned, its airfoil profile, its plan-
form, and its aspect ratio (span divided by chord) are espe-
cially important to drag.

Drag Breakdown by Cause |

Now let us look at the drag account from another view-
point—just what are the causes for drag and how much is
each contributing? For now we will examine the drag
causes for the entire sailplane (Figure 2) and afterward we
will go into more detail about each.

At high speeds, friction is the big one at 53%, almost 20
pounds. This is a function of surface area, so the smaller the
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sailplane, the smaller friction drag would be. It is also very
much affected by surface shape and smoothness.

Pressure drag is caused by the fact that the sailplane
pushes air out of the way as it passes through, making the
air turbulent, “stealing” energy from the moving object. If
the object passing through air didn’t cause flow turbulence
or separation, pressure drag would be zero.

Induced drag is a term applied to the drag effects caused
by lifting surfaces. Sometimes it is called “the drag due to
lift.” They say you can’t get something for nothing; the
drag that is caused by the production of lift is a price paid
by a wing. Actually the induced drag is determined by how
hard the wing is having to work to produce lift. If you

* water ski, you know how hard the rope pulls your arms

when you're going very slowly. The drag is greater because
the angle of the skis is greater in order to keep you from
sinking. A wing has the same problem—it must be inclined
at a greater angle of attack at low speeds to produce enough
lift to balance the weight, which is the same at all speeds.
This accounts for the almost four-fold increase in induced
drag at 48 knots over that at 87 knots.

Where the wing joins the body and where tails join to-
gether, turbulence is created by interference, which causes
additional drag. Its effects are usually more like pressure
drag, but interference also affects friction drag when it trig-
gers laminar flows and makes them transition to turbulent
flows. Interference also can be manifested as induced drag.
A classic case exists when the wing and tail are “lifting” in
opposite directions. This is generally the case, for a require-
ment of stability is that the tail must push down for balance
when the wing center of lift is anywhere aft of the center of
gravity. The down-load on the tail forces the wing to pro-
vide even more lift, in order to offset the weight plus the
tail down-load. Designers try to set wing and tail incidences
to optimize balance for stability over a range of conditions,
but this form of trim drag is hard to avoid entirely.

Pertaps your curiosity is now whetted enough to want
to know more about why the things happen that we have
just discussed. I remember an old saying that “The guy who
knows how will always have a job, but he will always be
working for the guy wk. » knows why!” Perhaps knowing
“why" will help you beccme a better pilot. I'll try to keep
this part as simple as the accounting commeits, but it will
be tougher.

Friction Drag

If you were pulling a bobsled along snow and came to an
icy place on the road, you would expect it to pull easier. If
the snow had melted and you came to bare ground, you
would expect more drag. Friction is at work! What if you
could pull your sled onto a cushion of air; there would not
seem to be any drag—but there would be. It would just be a
good deal less.

Streamlined shapes seem to move so easily through air
that we are fooled, but you may be sure that the fluid (air)
scrubbing past the surfaces of a wing or body produces
drag. If air were more viscous, like honey, you would be-
lieve it created friction; again I remind you that air is a fluid
and at low speeds behaves according to the same basic laws
as liquids.

Friction drag is affected by the density and viscosity of
the air, as well as its speed along surfaces, but the three big
things affecting the friction drag of sailplanes are:

1. The length of surface contact where scrubbing occurs.

2. The roughness of the surface that is being scrubbed by

the air. :

3. The waviness or local contours which may cause varia-

tions in the pressure field along the surfaces.

It has been determined experimentally that air flowing

—
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along a perfectly smooth, flat plate will “transition™ from
laminar flow to turbulent flow after a finite distance. Nu
matter how smooth the surface, there is friction and the air
scrubbing the surface finally slows more and more along
the length until it becornes turbulent and builds up on the
surface. If the surface is roughened, this happens in a
shorter distance. Slowing the air is the cause of drag, so
naturally friction produces more drag the longer the air and
surface are in contact.

Waviness effects simply tend to thicken the thin layer of
air near the surface as the flow cannot follow the ups and
downs, This thickening of the boundary layer at the surface
encourages the earlier transition to turbulent flow, much
like the effects of roughness.

Pressure Drag

Stirring iced tea with a spoon creates eddies and mixing
because of the turbulence, and of course, creates drag on the
spoorn. An object moving through air tends to do the same.
If you move the tea spoon very rapidly, the disturbance
effects are obviously greater; thus pressure drag increases
with speed. In fact, drag varies greatly with speed changes;
for example, the drag is doubled when speed changes from
52 knots to 74 knots.

What is happening when the object is moved through
the fluid is that the pressure builds up on the upstream
side. If the flow around the body filled in immediately
around it without turbulence, there would only be friction
drag. But unless the shape is ideally streamlined and no
friction exists, there will be some separation and eddying
produced by the body. You know from experience that
streamlining greatly reduces drag, but we hope to give you
some quantitative feel for the significance of streamlining.

Ways of Reducing Friction and Pressure Drag
In the real world it is impossible to separate friction and
pressure drag effects on a sailplane; two examples are of-
fered to put them in better perspective. To do this I will first
compare familiar shapes (Figure 3) and show experimental
results of actual drag measurements.

(1) Streamlining:

For comparison 1 have taken one-foot lengths of three
familiar shapes:

Figure 3

STREAMLINING REDUCES DRAG

These Sections Have Same Drag at 100 mph (87 kis)
0.32 Ibs. Per Fool of Length
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Figure 4
LAMINAR FLOW REDUCES DRAG
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1. A stranded cable
2. A streamlined strut
3. A laminar flow wing

From drag data obtained and verified over the years by
many experimenters, we find that the same lengthsof a 1/8
inch diameter stranded cable, a four-inch chord stream-
lined strut, and a three-foot-chord section of laminar flow
wing have the very same drag at 100 mph or 87 knots.
Using the experimentally obtained drag data shows that a
foot of each produces about a third of a pound of drag at 100
mph, and lower but roughly equal amounts at lower speeds.
(2) Laminar Flow

In the zase of the wing section, laminar flow is a big help
in reducing drag. During the 1940’s researchers at NACA
Langley found an amazing effect they named a ““drag buck-
et” while testing airfoil sections of different shapes in a
wind tunnel (Figure 4). Th~ facility had been carefully de-
signed to produce almost undisturbed flows past their
models, and aptly named “The Low Tirbulence Pressure
Tunnel.” The term “drag bucket” was coined because the
drag coefficient plotted against lift coefficient showed ex-
tremely low values over a certain range of lift values, mak-
ing a plot that looked like it might hold water as shown in
Figure 4. They also found that when they artificially rough-
ened their models, the drag increased dramatically; in fact
the “drag bucket” disappeared and drag more than doubled
for some lift values. These new airfoil sections were named
“laminar flow airfoils” because it was shown that the large
extent of laminar flow was the cause for their drag reduc-
tion. While most sections used on gliders today are slightly
different, they are descendants of the family of NACA-
developed laminar flow shapes that have been tajlored to
sailplane conditions.

Induced Drag

As already mentioned, induced drag, the drag due to lift,
is affected by such things as the span-to-chord ratio (aspect
ratio) of the wing, the planform, the wing twist and the
shape of the tips. All of these also influence the distribution
of lift along the wing, The wing designer takes these factors
into account, making tradeoffs between aerodvnamic per-
formance, weight, cost, and maneuverability. Most of the
induced drag effects are evidenced as vortex flows around
wing tips, so long slender wings with relatively small tips
tend to cause less induced drag. Tip shape is also important
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Figure §
CONTROL SURFACE GAPS CAUSE DRAG
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and out of the cockpit is necessary. It is extremely difficuit
to quantify the drag due to all possible leaks, but a look at
some of the classical cases may be informative. Figure 6
illustrates these effects.

The cooling air system with the lowest drag would take
in air at a place where the inlet would not disturb external
flows, gradually diffuse and pass the air thfough the body
at very low speeds, and exhaust it at the tail of the sailplane
through a duct sized to bring the flow back to free stream
velocity. This idealized system would still produce some
drag, but not nearly as much as most cooling systems. The
nose is a good place to take in air, although some designers
have worried about disturbances the inlet might cause to
laminar flow over the body and have located inlets aft un-
der the wing.

because it is high pressure air leaking from the Jower sur-
face to the upper surface which causes vortices to form.
This “stirring” of the air by the wing lip transfers energy to
the air which is dissipated—this loss is induced drag,

Interference L'rag

In addition to the interactions between wing, body and
tails, moveable control surfaces, spoilers, and air vent sys-
tems also cause drag. Some of these interferences are inher-
ent in the design and some may be affected by the pilot.
Control surface and flap gaps may create interference drag
which can be reduced by sealing. Some sample data are
provided in Figure 5 to give an idea of the importance of
these sources to sailplane drag.

One of the most insidious forms of drag in soaring is
caused by air leaks. Because air is invisible, there are no
obvious indications of flows into or out of sailplane canopy
cracks, or around wing roots and spoilers, except for hissing
sounds. Pilots must have cooling air inside their glass cages
or they would melt, so some form of “controlled” leaks into

.

Figure é
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Figure 7
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A more serious concern is cockpit sealing to prevent
flows in or out of the sailplane at places other than specifi-
cally intended. Pressure variations along a fuselage, over a
wing root or past a wheel well door can cause circulative
flows into and out of the ship which interfere with the
normal airflow along the surfaces. These create a momen-
tum exchange drag and may also cause disturbances in the
external flow field. For example, if the air taken in at the
nose exhausted out the edges of the canopy through leaks,
about one pound of drag would result. This does not even
take into account interference effects caused by boundary

“laver disturbances. Leaks through the wing and exhausting

around spoilers could be more devastating. They could
cause boundary layer separation and turbulence over 10-
15% of the wing span, seriously increasing drag locally,
perhaps adding 2.5 pounds of drag,.

It is common knowledge that protuberances like tail
skids, landing gear, total energy probes, antennas and such
cause drag; but from the number of these “drag items’ seen
on sailplanes, it is worth looking at the values for some of
them. In Figure 7 several tvpical items are shown, indicat-
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ing the drag penalties that might be associated with them.

Finally, changes in the sailplane flight loading eondi-
tions should be mentioned for they can cause significant
changes in drag. Increases in gross weight resulting from
the addition of water or other ballast obviously change the
lift requirements for the wing. Since induced drag is pro-
portional to the square of the lift value, induced drag is
increased significantly with an increased loading. For ex-
ample, if the weight were to increase 10%, the induced drag
at a given speed would increase 20%. Also important is the
center of gravity position, as this affects the trim require-
ments and may result in larger tail down loads for balance.
The drag variation caused by a shift from a forward CG to
an aft CG may amount to about one pound at cruise condi-
tions. This is approximately a three per cent variation in
total drag, a number which may be highly significant to the
racing pilot. ‘

Maneuvering Drag

Another effect of significance in soaring is the drag
caused by maneuvering. the most common maneuver be-
ing a simple turn. Figure 8 summarizes the nature of these
effects. Because of centrifugal forces, the wing has to pro-
vide lift in a turn greater than the weight of the sailplane,
thus increasing the induced and control surface drags re-
quired to maintain the turning attitude. At a 45° bank an-
gle, the lift must be ir.creased to about 1.4 times the value
required in a wings-level glide at the same speed; this
causes the drag to increase to about 1.7 tiraes what it would
be for a wings-level glide at the same speed. The reasons
are: 1) the induced drag is increased at greater lift values, 2)
the trim drag is increased to maintain balance with the
greater lift, 3) aileron and rudder misalignments are used to
maintain attitude during the turn, and 4) there is a high
probability of some slipping or skidding in a turn which
increases drag. Serious pilots may want to do some experi-
ments and simple calculations concerning the effects of
turning on lift and drag. '

Designers have reported that for design optimizations
they assume that average bank angles of about 40 to 45
degrees are common. Since the sailplane drag at 48 knots in

Figure 8

TURNING INCREASES DRAG
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a wings-level glide is about 23.8 pounds and increases to
40.7 pounds in a 45 degree bank angle glide, it is obvious
why pilots who are able to climb straight ahead do better
than they would in circling flight.

Summary

Drag is obviously “the enemy” in soaring flight. Not
only are the design characteristics and the physical condi-
tion of the sailplane important, but the ways we prepare
and operate the craft influence its drag. Of the major com-
ponents, the wing is by far the largest contributor to drag,
and its airfoil profile, aspect ratio and surface condition are
critical to total sailplane drag. Streamlining is not only a
matter of aesthetically pleasing shapes but also a product of
sealing leaks, proper venting of air and treatment of inter-
ference regions. Air leaks are common causes of drag that
can be reduced with owner attention. Finally we see that
the way we fly can have a dramatic impact on drag. The
most pronounced variation due to piloting is the effect of
maneuvers on induced drag.

Yes, an awareness of the causes and effects of drag should
be ever present in sparing. With a bit of study and with a
reasonable application of TLC, we should all glide a little
bit farther, faster or longer—and maybe all three!

"’
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All of the numbers generated in this presentation were
based on sound cxperimental and analytical data; howev-
er in the process of generalizing and simplifying, the
numbers necessarily become more qualitative than exact.
Please consider them for the insight they provide—-as
“representative’” only—and not as directly applicable to
your specific sailplane. For those who wish to deloe more
deeply, a hist of referenees is provided after the article.

—Oran W. Nicks
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OPTIMIZING MODEL SAILPLANES

In the previous "Soartech" issues we published performance
analysis and optimization studies that put into our hands the
me thods we need to zero-in on improved models., This paper, which
takes on the popular two-meter class model sailplane, has a
surprising conclusion. Martin Simons has thoroughly worked out
the performance of the two-meter model and documented the whole
process in detail. It puts the cap on his previous papers
dealing with performance analysis. TakKing on the two meter was a
very good choice. It'e hard to optimize the performance of
models, because the range in which we fly them makKes bigger
models better. Any attempt to optimize without 1limits means
that, basically, the biggest model has the best performance.
Limiting span stops that process at a point, and by optimizing
the rest of the dimensions, Martin Simons shows that we should do
much better with Jower aspect ratios.
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THE TWO METRE SAILPLANE

By Martin Simons
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The Two Metre Sailplane

In Australia now the two metre span, radio controlled
sailplane, seems to be recognised as a competition class and
regutations have stabilised so that it is possible to do some
theoretical work. Any future changes in the regultations will
tend to invalidate the findings presented here.

Briefly, under the Australian rules, the two metre sailplane
is to be controlled by rudder and elevator only or, if a V tail
is used, by the usual ‘ruddervators'. Ailerons, flaps,
spoilers and radio-operated tow release hooks are disallowed.
The standard methods of Launching, hand towline or winch, are
to be used with the usual Llimitations on Lline Llength, winch
dimensions, “etc.

Ballast is permitted but the contestant is not allowed to
change the mass of the sailplane during a round. In other
words, the two tasks, 'A' and 'B', constituting a round, have
to be flown with the same ballast, but this may be changed
between rounds. Anyone putting too much ballast 4n may thus
suffer a disadvantage in task "A' while gaining some benefit in
task 'B', and vice versa if too little ballast is used., Task
'A' is the normal six minute duration task, with points
deducted for times either Lless than or greater than six
minutes. A spot landing may be ‘added at the discretion of the
contest organisers. Task 'B' is a speed task similar to that
used for the FAI international F3B championships, four runs
over a 150 metre course at right angles to two parallel
sighting Lines, Line 'A' and line 'B'. The start 1is made by
crossing line A, flying as fast as possible to ¢ross and turn
at line B, flying back to line A and turning again, to complete
the task by flying again to 8 and turning back to cross Line A.
The task requires three high speed turns, which makes the
exercise a good deal more finteresting, from the theoretical
point of view, than the former two lap, one turn speed course.

whether or not a spot Landing s required 1is of some
importance in deciding what ballast to carry, because a
heavier, faster-flying model without spoilers, is much harder
to get down safely on the designated spot than a Light, slower
model. This is one of the factors the pilot must consider when
making the decisjon, before a round, about baliast.

The ability to fly the turns efficiently in the speed task,
is also of great importance. The direction of flight has to be
reversed completely three times without the sailplane either
slowing down too much or flying too far beyond the turning
point. Without ailerons it is unlikely that pilots will be
able to adopt the half roll and inverted 'pull through' diving
technigue used by some international champions. This method,
if well judged, ensures that the sailplane accelerates, rather
than slowing down, at each end of the lap. In the normal turn
likely to be used in two metre competitions, a heavy Lload of
baltast will tend to force the saitplane to turn on a large
radius, adding distance to the task with some penalty showing
on the timer's clock. . The alternative is to steepen the turn
to a large angle of bank, which reduces the radius of turn but
causes a sharp increase of drag, especially wing tip vortex
drag, which slows the aircraft down. The ability of the pilot
to time the turns is most important and the theorist cannot
help much here. Obviously the turn should begin before
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reaching the mark, so that, ideally, the aircraft will cross
the line only for an -instant and start the return journey
immediately. In some contests observed by the author (we shall
say nothing about those in which he has actualtly flown}, the
winning times were achieved, not by those with the fastest
sajlplanes, but by those who judged the turns best. Some
models spent more time turning outside the course than actually
flying between the lines.

The combined effect of all the FAI general rules governing
contest aircraft models, and the two metre span Llimitation,
presents us with a flight ‘'envelope' of the type shown in
Figure 1. The maximum total, projected, area of all wing and
tail (or other similar) surfaces must not exceed 150 sq dm or
1.5 sq metres. " Unless we build a tailless aircraft, the true
effective wing area will always be Less than the FAI area by an
amount equal to the area of the tailplane or other stabilising
surface. It is assumed for present purposes that the
stabiliser will be 10% of the wing, so the maximum wing area in
practice is 1.35 sq m. Small deviations caused by slightly
larger or smaller tailplanes will make only marginal
differences to the performance. They may have more 1important
effects on the stability of the sailptane, but 10% is a fairly
typical stabiliser area for a competition model. The FAI area
limit determines the lower limits for the wing aspect ratio.
This ratio is found by dividing the square of the span by the
wing area, so for a two metre sailplane the Lowest possible
vatlue of "A' (aspect ratio) will be:

2 x 2 ~1.35 = 2,963

Along the top edge of the diagram is a scale of aspect ratio.
The corresponding wing areas and FAI total areas are also
shown. There is no legal Limit at the right hand side. We can
build a model with as high an aspect ratio as we choose, but as
the aspect ratio rises, the wing chord becomes narrower. As
will be shown, there are grave disadvantages with a fixed, two
metre span, if the wing chord is too small.

Down the left hand edge of the flight envelope is the FAI
Loading scale. Using the combined areas of wing and
stabilising surfaces, the FAI confines contest models between
the loadings of 12 and 75 grammes per sq dm. Allowing for the
10% tailplane area, these become effective wing Loadings
between 1.3Z2 and 8.25 kg per sq m. {(Full sized sailplanes
commonly fly with wing loadings between 30 and 45 or 50 kg per
sq m.) There is a further restriction of 5 kg on total all wup
mass, which appears in Figure 1 as a slanting line across the
top Left corner.

The modeller has a widé range of choices. The main variables
are the wing aspect ratio, which controls area and chord, and
the mass, which contrels wing Lloading. Aspect ratio 1is a
matter of design, and once the model is built, it cannot be
changed much. To decide on this single figure is one of the
chief preoccupations of the sailplane designer. The mass and
hence flying weight of the model, can be varied to some extent
on the field by adding or removing ballast, so although the
designer can provide for ballast to be fitted, preferably in a
way that adds strength to the wing as well as mass, the
decision as to how much to carry has to be made by the pilot
before each contest round. To use the batlast in such a way
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that it adds strength and stiffness to the wing, can be done if

the ballast itself is in the form of a steel rod or rods
"passing right through the fuselage and wing roots, adding
greatly to the strength of the aircraft in this critical
region. This method has been used with success by the
Australian F3B team and should be applied alsc to the two metre
sailplane. When all ballast has been removed, the structural
weight of the sailplane will depend on its construction and the
kind of radio gear used. By very careful weight control
techniques and using ultra Llight radio equ1pment, a two metre
sailplane could be made to have the FAI minimum wing Lloading.
This, however, might create serious difficulties 1n practice.
The stresses set up during a winch Launch are quite severe and
depend far more on the wing span and the strength of the Line
used on the winch, than on the other features of the sailplane.
A delicate structure would also tend to break if the model
Landed badly when carrying ballast. These problems should not
be overlooked when considering the theoretical arguments which
follow. In the flight envelope of Figure 1, the lowest part of
the unshaded area is more or less excluded for these structural
and operational reasons.

The stanting, curved lines on Figure 1 indicate, very
approximately, the Reynolds numbers at which models of this
class fly when soarmng. The Re number is one of the most
important factors in all model aircraft design. Without going
into detailed phys1cal exptanations, it expresses the
relationship of the size and speed of the wing (or any other
part of an aircraft) to the density and viscosity of the air.
The larger and faster the aircraft, the Larger the Re number.
The wing tip of a full-sized sailplane near stalling speed,
operates at Re about 400 000, and a model saijlplane at its
maximum velocity in a speed task, may reach this figure at the
wing root. When the model is flying slowly, as it will be when
soaring in thermals, the Re is much Lower and since the speed,
at this trim, is determined mainly by the wing area and flying
weight, the Re 1is ‘low for Lightweight, high aspect ratio
aircraft and somewhat higher for heavier, Llow aspect ratio
types. :

As the Re number falls, the effects of the air's viscosity
become more pronounced and the drag of the wing profile
increases in importance, relative to the size and weight of the
a1rcraft. A crude way of expressing this is to say that the
air becomes more 'treacly' to the smaller and stower wing.
Ultra Light aeroplanes and full-sized sailplanes suffer from
this effect, but model aircraft much more so. With the kind of
wing sections commonly used for radio controlled sailplanes, at
Re numbers below about 60 000, there is often a very marked
breakdown of the airflow, so that the wing stalls prematurely.
It is very important to avoid any part of a wing reaching its
'critical' Re figure, and it must be remembered that the chord
at a point on the span, is what counts. 1If a tapered wing has
a8 Re number of 80 000 at the root, the tip, which is narrower,
may be operating at less than 60 ODO very close to or below
the critical value. (The figure varies from one wing section
to another.) In a turn, the dinner wing tip will be moving
slower through the air than the outer tip, so the Re number
there will be lower again. Generaily, therefore, a successful
and legal two metre sailplane will Lie in the unshaded area of
the envelope, to the left of the sketched Re 60 000 Lline, and
preferably should be flying at no Lless than Re 1100 000 to

I3



-9 -

ensure a safe margin. In any case, the higher the Re, the more
efficient the wing segtion will be.

(Free flight models often operate below Re 60 000, To
achieve efficient flight, they require specialised aerofoil
sections which are usually very thin, and may be fitted with
turbulators and other devices to prevent the sub-critical flow
breakdown. Such thin profiles are not really suitable for
radio controlled sailplanes which have to fly speed tasks as
well as soaring, and which require fairly deep spars to
withstand the Lloads 1involved 4in launching and high speed
turns.)

The Re depends on chord as well as flying speed, and chord
depends on the -aspect ratio. The lower the aspect ratio fis,
the more efficiently the wing profile will work. However, at
low flying speeds, i.e., when socaring, the most important
source of drag is not the wing profile but the wing tip vortex.
Since there is a difference in pressure between the lower and
upper surfaces of any Lifting wing (or tailt), the ajr tends to
flow round the tip from Llower to upper side. A strong,
rotating vortex or ‘'swirlwind' forms behind and slightly
inboard of each tip, and trails off, spiral fashion,
downstream. Much energy is lost in this way, and at high
angles of attack, as in slow speed trim, the drag resulting
totals MORE THAN HALF the total drag of the entire sailplane.
The most effective way of reducing these Losses is to increase
the aspect ratio. Tapering the wing in plan, preferably giving
it a perfectly elliptical outline, can save a few percent more.
The special wing tip vanes or "winglets' seen on some modern
aeroplanes may also be used to reduce the strength of the
vortex and can save a Llittle more drag at high angles of
attack. These may prove useful for two metre models. If the
winglet is vertical there is no increase 1in projected span.
Their design and angular twist setting require a good deal of
care. In any case, at high flight speeds vortex drag s much
Less significant than parasitic drag and the winglets which
reduce drag in soaring become parasitic items at high speeds.

Against the benefits of low aspect ratio for the sake of
Lower profile drag, we have to set the benefits of high aspect
ratio for lower vortex drag. Against the benefits of tapering
the wing to reduce vortex drag, we have to set the dangers of a
low Re at the tips. Against the advantages of winglets (which
require very careful design and positioning), must be set their
extra drag at high speeds. The final outcome has to be a
compromise between all these factors and this 1is where some
calculation can be of help.

The methods used in what follows are standard and have been
described elsewhere. The work required is only simple
arithmetic and can be done by anyone. A computer is used only
to save time., In this case, the program is that devised some
years ago for the full-syzed 'Sigma' project, by Nick Goodhart.
When the computed performance of some full-sized sailplanes was
checked against their actual behaviour 1in flight, the Sigma
program proved extremely accurate, The program has been
adapted for models by Tom Nemeth. The great advantage of this
program is that it allows the use of wind tunnel test results
rather than relying entirely on theoretical aerofoil work.
Perhaps the most important feature of the calculations is that
wind tunnel data over a wide range of Reynolds numbers are
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employed, rather than relying on a single test at one Re. A
good many authors in the past, with all respect to their
enthusiasm, have overlooked the point that a model wing
operates at quite different Re as dits flying speed varies.
Performance estimates not allowing for this are very
unreliable. The Goodhart program takes wind tunnel data at
four different Re numhers and, having first worked out the
flight speed of the sailplane at a given trim, and knowing the
average wing chord, interpolates wing profile drag figures for
the appropriate Reynolds number. A simplified version of this
method has been described by the present writer in a previous
article in Soartech 1. In other words, supposing always that
the actual model wing 945 accurately made and smooth, the
performance should be close to that predicted by the Sigma
program. Wind tunne!l models themselves are not quite perfect,
so the practical modeller can at least aim to achieve similar
results, whereas the mathematically perfect aerofoil curves
coming from the computer but not proved in the wind tunnel,
remain to be demonstrated in practice.

Figure 2 shows the effects of ballast. The performance of an
example sailplane has been worked out and plotted in the usual
way as a polar curve, This shows, at each trimmed flying
speed, the rate of sink of the model through the air. For this
diagram, the model is supposed to have an aspect ratio of 10
and the wing profile dis the well known Eppler 193. This
profile is used, not because it 1is necessarily the best
available, but because it has been well tested in the Stuttgart
wind tunnel and has also been amply proved in practical model
flying. There has not been sufficient time to run the program
with other wing profiles, although this may be done some day.

As the various different curves show, adding ballast to the
model tends to shift the entire performance curve to the right,
higher speed side of the chart, but also flattens the curve,
There are no great surprises here, It will be noticed that the
curve representing the Lightest condition has some
irregularities at the Low speed end, and although this Llight
model has a very low minimumn sinking speed, the curve is quite
sharply peaked. These features of the polar are caused almost
entirely by the low Reynolds number effects mentioned above.
As indicated, the average Re of the wing, at this weight and
trimmed for least sink, is only 68 000. The airflow is already
beginning to separate on the upper surface of this wing, and in
practice it is very doubtful if the model would ever achieve
its "peak' soaring performance. The peak is so narrow that a
small piloting error or gust would move the model off it,
either to the higher speed side of the curve, or to the stall.
Increasing the weight to 1.3 kg brings the Re to a much safer
average near 100 000, and while there is some penalty in both
sinking speed and turn radius, the model would be much more
tolerant. ‘

Polar curves representing sailplanes of weights intermediate
between those actually plotted, may be estimated fairly well by
interpolating between the lines on the diagram. There are no
anomalies or oddities arising.

Not only does ballast increase the rate of sink in straight
fLight, as shown on these polars, but 1t atso increases tﬂe
radius of turn at any given angle of bank. If a thermal 1%
narrow, to remain within it the sailplane must turn on a smat L
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radius. The light model can do this with a relatively gentle
angle of bank, so the sinking speed in the turn is d{ncreased
only slightly above that for the straight glide. A heavier
sailplane can achieve the required smatl turn radius only by
banking steeply, and the effect on sinking speed 1is quite
serious. This may not matter if the thermal, once caught, s
strong, but a narrow, weak thermal presents the pilot of a
heavy model with real difficulties. The choice Lies between
circling with small angle of bank, which then probably takes
the sailplane out of the thermal altogether, or ¢ircling
tightly with large angle of bank, which will probably dincrease
the sinking speed so much that the model will not climb. The
only escape in such conditions, is for the pilot of the heavy
model to use the good high speed performance of the aircraft to

explore a larger.area in search of a better thermal. There may
not be one.

The advantage of the heavily ballasted sailplane for high
speed flight, is probably clear enough. A rough measure of
this is to note the flying speed at which each curve crosses
the Line representing a glide ratio of 1 : 10. Still, the
effect of the additional mass, and speed, on the racing turns,
mentioned above, must not be overlooked.

Figure 3 summarises in one chart, all these effects, so far
as that can be done in a single diagram. The Llowest Lline on
this graph shows how additional mass causes the radius of turn,
with a 30 degree angle of bank, to rise. The rate of sink in a
turn increases, so the two central curves in the diagram show
this effect, again based on a carefully flown, 30 degree banked
turn. (0f course, every turn must be flown with the correct
angle of bank. To try to turn 'flat' as some pilots do, is to
cause considerable outward skidding in  the turn, with
consequent high drag and greater sink.) The uppermost curve
shows how the speed at which the model flies when trimmed for
minimum sink, rises with weight. ‘

The gquestion now arises as to whether the aspect ratio chosen
for the example, 10, is the best compromise. The next diagram
indicates that it is not. In Figure 4, polars have been
plotted for three sailplanes all built and ballasted to the
same flying weight, but with aspect ratios 4, 6, 10 and 14.
Naturally the A = 10 curve is the same as that of the previous
figures, and is included for comparison.

To the right appears the polar of a model weighing 1.3 kg
with an aspect ratio of 14. Vortex drag has been cut, but at
the cost of lower Re numbers. The curve shows a very sharp
peak and the same sort of dirregularity we have Llearned to
associate with Llow Re conditions. Not only this, but the best
rate of sink, even if the model could be trimmed accurately
enough to achieve it, is less than that of the original A = 10
example, By increasing the aspect ratio we have made the model
harder to trim, it will reguire a Larger turn radius, and will
not perform so well in Task A. The high aspect ratio curve
improves relatively at high speeds, but more will be said about
this later. '

The polar curves for A = & and 6 are particutarly
interesting. Although such low aspect ratios imply high vortex
drag, which is usually very bad for a soaring sailplane, the Re
number for these wide chord wings is higher. The improvement
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in profile drag counteracts the extra vortex drag. The minimum
sinking speed is very similar to that for A = 10, at the same
total weight. (The wing loading, of course, is less.) What is
probably much more important is that this low sinking speed is
reached at a low flying speed, and these polars are remarkably
free from sharp peaks and irregularities. This means that .the
Llow A model will be tolerant of rough air, easier to trim, and
capable of turning on small radii at shallow angles of bank.
For soaring, these are very important features. It is also
very encouraging to see that, because of the generaltly flat
nature of the Llow A curves, the glide ratio does not
deteriorate very rapidly as the forward speed increases. At
velocities around 8 and 9 metres per second, the two low aspect
ratio aircraft would 'penetrate' through sinking air, or make
headway against the wind, just as well as the A = 10 sailplane.
the A = 6 model maintains its superiority up to flying speeds
of 11 m/sec. For general soaring and for exploring the air to
find sources of Lift, such a model would be excellent.

For the speed task, the Light wing loading of the Llower A
model is against it to some extent. The polar curves cross
over again as the velocity rises. The higher wing loadings of
the high aspect ratio models, now at sufficient Re numbers for
the narrow wings to be working well, gives them an apparent
advantage.

It is therefore of some interest to compare low and high
aspect ratio sailplanes at the same wing loadings. To achieve
this, ballast would be added to the low A sailplanes and mass
would have to be subtracted from the high A aircraft. The
stalling speed, which depends mainly (not entirely, because of
Re effects on Lift coefficients) on the wing loading, should be
very similar in all cases. The high aspect ratio wing, because
of low vortex drag, should exhibit a better minimum rate of
sink, so should have some.advantage in the duration task. The
low aspect ratio wing, because of its better Re numbers and
because vortex drag is almost negligible at Llow angles of
attack, might be expected to do better at high speed. Figure 5
shows what happens. The most dnteresting point about the
curves here is that, while the A = 10 sajlplane does <ndeed
show better minimum sink, its superiority is confined to a very
narrow range, close to the stall. The A = 14 polar has
virtually collapsed. The reason is that, to get this wing to
the same wing loading as the others, the flying weight has to
be reduced. This brings the Re number down quite drastically
to critical values, Such a model would be very unsatisfactory.
The advantage of the Lower aspect ratio at high speed is quite
clear. The A = 6 sailplane is evidently a better compromise
than A = 4, because its soaring performance and penetration
remain excellent with very little given away to the Llower A
type at the highest velocities. It will occur to the reader
that a low aspect ratio sailplane with intermediate ballast, to
bring its wing loading up near but not equat to, the equivalent
high A type, should be capable of both out-climbing and out
racing, the high aspect ratio modei. How much baltast to carry
on a given occasion, remains for the pitot to decide on the
day, or at the hour,

These facts are summarised in the next diagram, Figure 6,
where the influence of mass and aspect ratio on the flying
speeds at steep glide ratios, is shown. The speed task will
probably be flown at a glide ratio of about 1 : S. This
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assumes a reasonably high start and efficient turning
technique. The A = 14 model, at all weights, reaches this
glide ratio at a higher flight ~speed than the lower aspect
ratio aircraft. However, some of the models represented on
this diagram would be disqualified because they fall outside
the FAI Limits. For instance, the A = 14 sajlplane, would be
loaded to the FAI maximum of 7.5 kg/sq m if it were flying at
slightly over 2 kg all up. Its 1 : 5 glide speed would be
surpassed by an A = 6 model loaded to about 3 kg, and this
would be quite legal. Needless to say, to ballast any two
metre model to this extent would prove a severe penalty in the
duration task, but the point is probably sufficiently made.

It is also important to recognise some other advantages of
the low aspect ratio. 7To ~taper the wings of a high A
sailplane, with the two metre span restriction, brings the tips
quickly into the critical Re 2one and so it 1is unadvisable.
Rectangular planforms are better for the two metre, high A,
type. But if aspect ratio is reduced, the critical Re problem
is avoided and the wing can safely be tapered. This helps, a
Little, to offset the high vortex drag. It also allows the
wing roots to be both broader and deeper. The wing may then be
built Lightly, so the low aspect ratio model may, 3in weak
conditions, truly be capable of soaring and winning task A when
higher aspect ratio aircraft cannot stay up at all. Then
although the speed task may have to be flown at a relatively
slow speed, the final score may still be good enough to win.
In the next round, when thermals pick up and a wind rises, the
model may be able to carry ample ballast to win the speed task
and still do well enough in task A. The final choice remains
with the pilot, but the lLow aspect ratio sailplane seems to
offer a greater range of possibilities. Figure 7 is equivalent
to Figure 2, showing the polars for an A £ 6 sailplane at the
same flying weights. By tracing these curves and Llaying them
one by one over the earlier figure, a fair comparison can be
made.

In conclusion, it is emphasised again that this study has

used anly one aerofoil section and it remains to be found how a

change of this important aspect of a design, affects the
resutts. The author believes, from previous experience of
similar studies, that the outcome will remain in favour of
considerably lower aspect ratios than have been seen hitherto
on two metre sailplanes. A further point worth making is that,
throughout the above study, certain assumptions have been made
about such things as parasitic drag, fuselage size, tailplane
and vertical tajl surface areas and drag coefficients and so
on. Any and all of these may be in error to some extent, but
the fact d4s, even if they are all removed from the
calculations, the benefits of the Llower aspect ratio still
appear.  The final diagram illustrates this. In computing
sailplane performance, it is possible to work out the polar
curve for the wing alone, and even to make unrealistic
assumptions, such as, that the wing has the perfect, elliptical
Lift loading distribution giving minimum vortex drag. It is
then fairly safe to assume that the best wing, fitted to a
standard type of fuselage with a normal stabiliser and tail
unit in proportion to the wing area, will produce the best
sailplane. Figure 8 shows the results of such a theoretical
exercise. It is obvious that all the polars f{mprove a good
deal, which is to be expectted. Yet apart from a very narrow
zone of flight, close to the stalling speed, the A = 6 wing
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outperforms the others and gets better and better, relatively,
as the velocity increases,

In practice the Low aspect ratio sailplane offers some ways
of reducing parasitic drag which have not been allowed for at
atl, yet. For instance, with a broad and deep wing root, some,
if not atl, the radio gear can be housed in the wing itself and
the fuselage reduced to a very slender form, which will have
less drag, especially at high speeds. This in 9dts turn
suggests the possibility of eliminating the fuselage altogether
and attaching the elevators directly to the trailing edge of
the mainplane. The resulting, apparently tailless, sailplane,
would have a very lLight wing loading when unballasted, so the
usual disadvantage of the tailless type, poor soaring ability,
would be largely overcome. At high speeds, where parasitic
drag becomes so important, the performance should be extremely
" good and, if control difficulties in the lLateral sense can be

overcome, the 'all wing® two metre model might prove to be a
winner.

ALL this applies only to the two metre contest sailplane.
There is no substitute for span, and larger aircraft will,
other things being equal, always fly better than small ones.
The two metre contest sailplane wilt become, under the
influence of the Australian rules, highly specialised. Perhaps
few people other than the keen competitors, will choose to fly
such aircraft when allowed to employ something larger. What we
have found is that a particular set of competition rules, ds
Llikely to lead to the development of sailplanes which will be
efficient for their particular purposes, but which will stilt
be outperformed by aircraft of larger dimensions and orthodox
appearance. ’

-

Another point is, of course, to wonder whether this kind of
sailplane is exactly what the rule makers had in mind when they
searched for the ideal BEGINNERS' competition sailplane. What,
we may ask, was wrong with the old 100 inch or 2.54 metre span,
two control, so-called 'Standard Class"? The author of this
article thinks there was nothing wrong with it at all, for

beginners, and would 1like to see it back in the contest
calendar.
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rigure 2, The effects of ballast on a two metre sailplane with aspect ratio 10
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Figure 3

Summary diagram showing effects of ballast on turn radius and
on sinking speed in turns
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;‘ Fi§1agek4. The effects of changing aspect ratio with two metre span sailplane of constant .‘
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Figure 5 Changing the aspect ratio with ball-~t adjusted to keep wing loading constant
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Figure 6. The effects of ballast and aspect ratio on high speed
" performance
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Figure 7. The polars of & two metre sailplane with aspect ratlo 6, ballasted to various
otal flying weights. Compare with Figure 2. :
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Figure &, Polars for an idealised two metre wing without parasitic drag or other defects.
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AIRFOIL DESIGN

This paper was entered by Michael Selig in a competition
which was sponsored by the American Institute of Aeronautics and
Astronautics. Al though you might not think that a paper which
referenced only model aircraft parameters was primary AI&A
material, he won first place in the competition. Michael became
sKilled in wusing the Eppler airfoil design program during his
undergraduate studies at the University of Illinois. A) though a
number of modelers have made use of the Eppler method to study
and develop model airfoils, none that I am aware of, have gone to
the depth that Michael explores in this paper. The conclusions
that he has reached about the peculiarities of desianing for
models are important and unique. I hope that they point out
useful directions  for athers who are studying airtoil
development;. and I‘m sure that his designs and advice will help
others to build superior sailplanes.

Michael is transferring his Aerospace studies to the graduate

school at Princeton University this fall. He has been granted a
position as a research assistant there where he will be working
toward his Master“s in Aerospace Engineering. He has also been

sponsored by AlAM to present this paper at their national
conference in Reno Newvada this fall.
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ABSTRACT

This report focuses on the design of airfoils at low Reypolds
numbers (100,000 < Re < 500,000}, specifically those applicable to
radio-controlled model sailplanea. Two common types of airfoll 1lift and
drag hysteresis are illustrated and explained in terms of the behavior
of the upper-sqrfgce laminar separation bubble which is commonly present
at these low Reynolds numbers. The theoretical section characteristics
of several airfoils predicted by the Eppler computer program for the
design and analysis of low-speed airfoils were compared with the recent
data of Dieter Althaus. Good correlation was found between the type of
hysteresis and the type of upper-surface pressure recovery. Also, the
validity of the predicted section characteristics 1s discussed for this
Reynolds number regime. From the comparisons, the desirable qualities
of a ;ow Bgynolds number airfoil were determined. Based on these
qualities, several airfoils for radio-controlled model sailplanes were

subsequently designed and analyzed using the Eppler computer program.
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INTRODUCTION

Increasing interest has begn given to airfoils operating at chord
Reynolds numbers (Rn) below 500,000. Radio-controlled (R/C) sailplanes,
being the authof'a hobby and motivation for thias study, fly in this BRn
regime. Additional applications include the following: remotely piloted
vehicles at low apeega or high altitudes, inboard mections of helicopter
blades, human-powered aircraft, windmill blades, aslats and flaps of
high-1ift, multi-element ai;foila. struts on light aireraft, and turning
vanes in air supply duots.‘ |

This report fbcuses on the design of airfoils at low Reynoldas
numbers, - specifically those applicable to R/C sailplanes. The approach
taken in this report was to compare for several airfoils the thecretical
section chﬁracteristica predicted by the Eppler computer program [1,2]
with the experimental data Qf Althaus [3]. From these comparisons, the
‘ &eairabla_qualities of a low Rn airfoll were determined. Based on these
comparisons, several R/C sallplane alrfoil were designed and analyzed

using the Eppler computer program.
AIRFOILS AT LOW REYNOLDS NUMBERS

For airfeils at low Rn’s, the phenomena of a laminar separation
buﬁble and turbulent separation significantly increase the drag and
d;creaae the lift whiech both contribute to low lift-to-drag ratios.
Increasing the Rn will reduce the length of the laminar separation
bubble and the sxtent of turbulent separation. Correspondingly, the

lift-to-drag ratios increase. For the upper surface of the airfoil at
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positive incidence, the boundary 1layer is laminar along the
upper-forward surface of the airfoil. This laminar flow then separates
upon entry into an adverse pressure gradient of sufficient mag;itude,
and then quickly undergoes transition to turbulent flow in the separated
shear layer. Depending on the severity of the adverse pressure
gradient, tﬂis separated turbulent boundéry layer may or may not
reattach to the airfoil’s surface. The region of recirculating air
enclosed by the laminar separation'point and the turbulent reattachment
peint is called a laminar separation bubble. With reattachment, the
turbulent boundary layer may £hen separate ahead of the tralling edge.
For the lower surface at positive incidence, typically the boundary
layer has iittle tendency to separate and commonly is entirely laminar.
Figure 1 illustrates an airfoil.with attached turbulent flow followed by
turbulent separation on the upper surface and lamiﬁar flow on the lower
surface. - |

1If the Rn is low enough such that reattachment does not occur,
inereasing the Rn to some value, known as the critical Rn, causes
reattachment of the turbulent boundary layer, which can be identified by
a dramatlic 1increase in the 1lift-to-drag ratio and a 1ift curve that is
approximately linear with angle of attack, i.e. straight. Clearly, the
possibility . of ©both laminar and turbulent geﬁaration should be
considered in the design of airfoils in this low Rn regime.

See Appendix I for a brief diacussion of the Hn.
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Hystereais

As an airfoil is cyecled through increasing angles of attack up to
stall, the laminar separation point progresses forward. At some angle
of attack, reattachment cannot occur, causing the laminar separation
bubble to "burst." This bursting is manifested as a stall. Through
decreasing angles of attack, the bubble, in general, does not behave in
the same manner as for increasing angles of attack, thus accounting for
the phenomenon of hysteresis shown in experimental lift and drag curves.
Two common types of hysteresis will now be discussed.

Figure 2 illustrates the section characteristics of an airfoil
that exhibits a common type of hysteresis whioh,-{or this discusaion,
will be called high-1ift hysteresis. For this case, increasing the
angle of attack causes the laminar separation point and turbulent
reattachment point to both move forward toward the leading edge with the
reattachment point' moving ferward at a slightlf greater rate such that
the bubblé_decreases in length. Eventually, a short bubble exists oniy
on the leading edge of the airfoil. Further increasing the angle of
attack causes this short leading edge bubble to "burst," resulting in a
leading edge stall characterized by a sharp drop in 1ift. Upon
decreasing the angle of attack, the leading edge bubble reattaches at an
angle of attack lower than that of the stall for ianeasing angles of
attack. The alrfoil then behaves as it did for inereasing ahglés of
attack.

Figure 3 illustrates the section <characteristies of an airfoil

that exhibits another common type of hysteresis which, for this
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discussion, will be called moderate-1lift hysteresis. For this case,
increasing the angle of attack causes the laminar separation point to
progress forward, as it did for the case of hlgh lift hysteresis. In
contrast to a airfoil with highmlift hysteresis the reattachment point
‘moves backward toward the trailing edge forming a bubble of 1ncreasing
length. As “this happens, the lift curve begins to flatten out and the
drag éurve guickly increases. Up'to this peoint, the ﬁrocegs can- be
thought of as a soft trailing-edge stali. Increasing the anglé of
attack further unstalls the airfoil by causing the long buﬁble to
collapse into a short bubble near the leading edge. This occurenée ¢an
be identified by a sharp incréase in the lifﬁ and a dramatic decrease in
the drag. Increasing the angle of attack further causes the airfoil to
fully stall. When decreasing the angle of attack, a sharp drop in 1lift
is noted due. to reformation of thé long bubble at an angle of attack
‘lower than that at which the sharp increase was noted with inereasing
angles of attack. For some airfoils, the contraction and reformation of
the long bubble occur at the same angle of attack. Several popﬁlar
Eppler éiffoils exhibi£ this typé of‘hysteresié as.w;ll be shown later.
Airfoils with moderate~l1ift hysteresis tend to Show a high drag
knee, that is, an increase in drag through the middle of the drag éolar.
Airfoils with high-1ift hysteresis, on the other hand, da notrexhibit a
knée and generally have iower drag. Because of this, airfoils that
exhibit high-lift hysteresis are favored for low Reynolds number -

applications.
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INFLUENCING TRANSITION

The formation of the laminar separation bubble is due to the
inability of the boundary layer to make a natural transition to
turbulent flow before it attempts to negotliate an adverse pressure
gradient of suffiéient magnitude to cause laminar separation [4]. If it
were possible at low Rn’s for the boundary layer to make a transition
before the adverse pressure gradient, the bubble and its drag could be
eliminated. Several parameters which influence transition [5] are as
follows:

1. Boundary-layer suction and blowing

2. Disfurbances in the free-stream flow

3. Surface roughness

4. Pressure diatribution (veloecity distribution)

Although advantageous at low HRn’s, boundary-layer suction and
' blowing [6] are of little practical value to the modeler because of the
complexity of such a suction or blowing device and for this reason, will
‘not be discussed here. Also, disturbances in the free-stream flow will
not be discussed as they are not applicable 1in the case of R/C
‘sailplanes.

Surface roughness has some application for low Hn airfoils,

It 13 a common practice for free flight modelers to place a turbulator
along the upper-forward surface. If effectively positioned, this
turbulator artifically causes.transition of the boundary layer to occur
before the adverse pressure gradient and thereby eliminates the bubble

and its drag.
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The foremost disadvantage of the turbulator is its fixed position.
While' a turbulator may improve the overall performance of an airfoil at
low Rn’s, at higher values, the turbulator causes transition earlier
'than needed ﬁhich results in more drag thar necessary. Therefore, one
c¢an understand why this method of influencing transition 1s employed
‘mostly on free-flight models that operate at very low Rn’s about which
there are minimal fluctuations.
The influence of the bressure distributions on tfansitioh will be

discussed Iin a later section.
COMPARISONS Oé THEORETICAL AND EXPERIMENTAL PERFORMANCE
' "The Eppler Computer Program

The theoretical section characterist;cs of several Iairfoils were
computed using the Eppler computer program which has the following three
capabi}itieaf (J) potential flow design, (2) potential flow analyg;s,
and (3) boundary{layeq analysis. For the design method, the potential
flow velocity digpﬁibutipn about an airfoil is specified. From this,
thé airfoil contour is determined by conformal mapping. In‘thg analysis
methoq, the velocity distribution for a given airfoil is_dgtgrmined by a
panel metth. To compgte the section _charactgristics{ the
boundary-layer routines of the program incorperate an empirical
transition criterion,' and empirical skin frictiop,'dissipat;on, and
. shape fgctor laws.

:For Rnfg greater than those considered in this ‘rgport, ;he

theoretical section characteristics compare favorably with experimental
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measurements. As will be shown, however, the pbog;am does not
accurately predict the section characteristics of airfoils at low Rn’s
since it makes the assumption that if the flow undergoes laminar
separation before transition, the flow quickly reattaches aslturbulent
flow - the aasumption of a short bubble. Fof higher Rn’s, corresponding
to those in the full-size sailplane regime, this quick regttachment.is
characteristic of the flow; but, for lower Rn’s, this assumption is not
valid since the bubble can extend over 20-301 of the upper surface_of an
airfoil. If the program predicts a laminar separaﬁion bubble longer
than 0.03c, this is listed in the output summary as a warning that the
theoretical section characteristics may not be indicative of the actual
seétion characteristigs. As one might expect, this wa:nihg commonly
appears for airfoils analyzed at low Rn’s.

The limitations of the program should be realized. Due to the
incorporation of the short-bubble assumption, the present version of the
program does not account for the additional bubbldéd;.a'8 I tﬁe' program
predicts turbulent separation, a s=mall approximate drag péﬁalty is
added. Also, the program includes a correction for the pitching-moﬁent
and lift coefficients due to turbulent separation} howeQer, it does not

include a correction for a bubble. Despite this latier excllus:l.on, the

‘theoretical maximum 1ift coefficlent is in most cases indicative of the

experimental maximum 1ift coefficient. With these limitations in mind,
the theoretical section characteristies should be cautiously interpreted
in this low Rn regime. This interpretatioﬁ is discussed in further

detall in a later secﬁion.

3&



Althaus’ Experimental Work

Several problems  are incountered 1in obtaining reliable
experimental 1ift and drag measurements of an airfoil in the low Rn
regime. First, the ambient turbulence, tunnel noise, model vibration,
and model surface contaminations all cause transition to occur earlier
on the test model than in actual use. This has profound cénsequences -
namely, it produces a shdrter bubble and hysteresis which is less
pronounced than that found in actual use to such an extent that the
airfoil appears better than it actually is. Second, accurately
measuring the extremely small 1ift and drag forces presents many
difficulties. These problems combined make it difficult to reliably
conclude anything based on comparing the data of an airfoil tested in
different wind tunnels.

In order that a self-consistent set of experimental data 1is
considered, this paper will only examine- data taken at a single
facility. In particular, the author chose the data taken in 1980 by

Althaus at the University of Stuttgart.
Comparisons

To represent a bread range of behavior, eleven airfoils were
chosen for comparison of the theoretical and experimental section
characteristics. For this report, however, only six of the eleven
airfoils will be discussed. This is done without sacrafice to the
clarity of the report or the conclusion which follow‘ this =ection.

These six airfoils may be grouped as follows:

39



1. Airfeils with high-1ift hysteresis-
FX63-137 and GOE801

2. Airfoils with moderate-lift hysteresis-
E193 and E201

3. Airfeoils without hysteresis-

NACA0Q09 and FX60-100

The CLARK-Y, FX63-137, E392, GOE795, and FX60-100 were compared
and are discussed in detail in reference [3].

For all airfoils compared, éxcept those of Eppler, the original
coordinates published in Althaus’s book [3] had to be smoothed using a
cubic spline smoothing program. This was done because the origin;l
ccordinates caused‘ irregularities or oscillations in the velocity
~istributions as shown in Figs. 4 and 5. The wvelocilty distributions
fur the smoothed and unsmoothed FX60-100 are shown in Fig. 6. Since
thé boundary-layer routines are highly sensitive to such irregularities,
the thecretical section characteristics computed from the original
coordinates are meaningless. For most coordinates, the difference
between the original and smoothed coordinates was less than 0.0004e. In
the case of wind tunnel models, it 1is probably true that these
coordinates are similarly smoothed in the constructioﬁ of the models.

To compare the drag polars, each airfoll was analyzed at the test
Rn’s used by Althaus, at a Rn of 400,000, and in some cases at a Rn of
600,b00. Analyzing each airfoil at a commén Rn of 400,000 inables one
to c¢ompare the theoretical data of one airfoll with another. In order

to make comparisons of the 1ift vs, drag data, Althaus’s experimental
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data is co-plotted with the theoretical data. In some instances,
Althaus s experimemtal data could not be co-plotted for a particular Rn
because of the limits of the drag coefficient axjis, this is indicated by
the words "NOT SHOWN" on the graph. Commonly, due to a high drag knee
at the lower test Rn’s of Althaus (60,000 <Rn <& 100,000), only a few
experimental déta points could be co-plotted at the high- and low-lift
ends of the drag polar. In these cases, only those data points at the
low-1ift end were co-plotted. Also, Althaus’ experimental 1ift curves
are shown to 1illustrate the 1lift hysteresis of the airfoil. A

thecretical 1lift curve is co-plotted with the experimental 1lift ocurves

to show, in some cases, discrepencies which will be discussed in a later

section.

The airfoil velocity distributions were plotted for angles of
attack relative to the zero-1lift 1line in increments of one or two
degrees. The increment that was used can be. distinguished by the
relative differences in spacing  Dbetween two adjacent velocity
distributions.
| A Theoretical Boundary-Layer Summary Table 1s presented that
should be used as a guide when evaluating the theoretical section
characteristics. When a "*" appears it indicates that the program
predicts a laminar separation bubble longer than 0.03c. For these
cases, the predicted drag is most likely too low since the program does
not account for the additional bubble drag. When a "O" appears it
indicates that the predicted bubble is shorter than 0.03c. In these
cases, agreement between the theoretical and experimental section

characteristics should be expected. If the predicted bubble is shorter
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than 0.03c and transition occurs before 0.05c, a "8" indicates this.
Agreement, for these cases, generally is good. When a "-" appears it
indicates separation without reattachment - a stall. The symbol "+" has
been placed beside the angles of attack relative to the zero-lift 1line
which are within the low-drag range of the drag polar.

Discussed next is the agreement or lack thereof between the
theoretical and experimental section characteristics. Following this
several conclusion are drawn. |

Symbols are defined in Appendix II.

T Airfoils with high-1ift hysteresis. Airfqils in this group
are the FX63-137 and GOE801, shown in Figs. 7-8 and 9-10. Agreement
between the theoretical and experimental draé at a " Rn of 200,000 is
relatively good for both airfoils. This suggests that at this Rn, the
bubtlle is short. For the FX63-137 at Rn’'s greater than critical Rn near
85,000, the theoretical and experimental 1ift curves are in poor
agreement; In contrast, for the GOE801 at Rn’s greater than eritical,
the 1lift curves are in fairly good agreement. These two airfoils differ
greatly in the amounts of aft loading with, the FX63-137 having the
larger amount. For these airfoils at a Rn of 400,000, the program does
not predict a laminar separation bubble at high angles of attack within
the 1ow-arag ;ange of the drag polar. Notice that these airfoils have a
have a convex veloc;ty distributicn recovery. This is 1in contrast to

the next group of airfoils.

2, Alrfoils with moderate-lift hysteresis. Airfoils in this

group are the E193 and E201, shown in Figs. 11-12 and 13-14. Again,
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agreement between the thecretical and experimental drag is good at a Rn
of 200,000. At a Rn of 100,000 which is zbove the eritical value of
60,000, these airfoils show a high drag knee betwéen the 1ift
coefficients of 0.5 and 1.0, which suggests the presence of an attached
bubble of incréasing length for increasing angles of attack. The
theoretical and experimental 1ift curves are in fairly good agreement.
Fop both airfoils at a Rn of 400,000, a laminar separation bubble is
predicted on the upper surface for angles of attack within the low-drag
range of the drag polar. These Eppler airfoils are similar in that the
veloecity ‘distribution is characterized at a particular angle of attack
by a oons;ant velocity rooftop (shown in Fig. 11), followed by a
slightly concave veleocity recovery. _ |

While not compared in this paper, when.tested by T. Je Mueller
and L. J. Pohlen [7) at the Univeréity of Notre Dame, the Miley
M06-13-528 airfoil [R], which has a very concave velocity distribution
with no aft loading, demonstrated this type of hysteresis for Rn’s less

than 150,000,

3. Airfoils without hysteresis. Airfoils in this group are the

NACAQO09 and FX60-100, shown in Figs. 15-16 and 17-18B. These airfoils.
have a critical Rn below 60,000, Agreement for the NACAQQOQ9 is
inconsistent; but, as expected for thin airfoil with no camber, it does
have low drag. The FX60~100 has aft loading which doces not result in
steep adverse pressure gradients at the tralling edge like that present
in the case of the FX63-137. Agreement between the lift curves for both
airfolls is good. Like the first group of airfoils with high-1lift

hysteresis, these airfoils have convex recovery regions.
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Appendix III presents the thecretical section characteristics and

a discussion of several popular R/C sailplane airfolls.
LOW REYNOLDS NUMBER AIRFOIL DESIGN CONSIDERATIONS

At low Rn’s it is desirable to have the flow transition early
allowing for quick reattachment and thereby avoiding a lohg'laminar
separation bubble, As discussed previously, a turbulator effectively
achieves this but results in a drag greater than necessary at{ higher
Rn‘s. In designing airfoils specifically for R/C sailplanes operating
in the Rn regime from 100,000 (C!=1.2) to 600,000 (C!=0.1), it is

desirable on the upper surface to have transition occur early at low

Rn"s (high C!'s) and later at high Rn’s (low Cy°s). The AQUILA airfoil,

presentéd in Apﬁendix III, illustratea this movement of the theoretical
upper surface transition peint. This movement can only be achieved by
tne proper deslign of the velocity distribution along the upper-forward
surface of the airfoll so that a laminar separation bubble is not
predicted. Also, this type of design shows a theoretical drag which
glowly Iincreases with ‘increasing 1ift coefficients rather than a
theoretical drag which quickly increases like the designs of Eppler.

Here the comment should be made that while the Eppler airfoils are
excellent in that they have low drag and wide drag polars at En’'s above
around 200 000, they suffer from large laminar separation bubbles at
Rn’s below this. Because of this, the Eppler airfoils perform well on
F3B type models but not so well on soaring type models which

typically <operate at Reynolds number lesa than 200,000. Not

surprisingly with tihe increasing popularity of the Eppler sections,

Y4
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there has been a trend to increase the chord lengths and wing loadings
both of which increase the Reynolds numbep. Als0, there seems to be a
consensus among modelers that the Eppler sections must be flown "on
step," 1.e, fast. This too increases the Reynolds number.

From the' comparisons, it is concluded that the type of velocity

recovery employed should be 1linear to convex in order to prevent

moderate~1ift hysteresls.

"As demonstrated in the comparisons, the theoretical and
experimental 1lift and drag coefficients are 1in poor agreement for
airfoils with large amounts of aft loading, or thick trailing edges
which result in steep adverse pressure gradients on the upper surface
near the trailling edge. Such a gradient 1likely 1leads to turbulent
separation on the upper surface that extends further upstream than can
be predicted by conventional boundary-layer methods. Examples of
airfolls with large amounts of aft loading are the FX63-137 and E214

shown in Appendix III.
SOME NEW AIEFOILS DESIGNED FOR R/C SAILPLANES

Based on the previously discussed low BRn airfoll design
considerations, several airfolls were designed by the author using the
Eppler computer program = the same program that Eppler used to design

the E193, E201, E392, ete..

The author’s airfoil nomenclature is as follows: the first four
digits are unique to each individual airfoil, larger numbers being later
designs; the next three digits indicate the seétion thickness ratio

times 1000; and the last two digits designate the year of design.
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S2046-090-83, Figs. 19-20 - This 9% thick airfolil is based on the
HQ2.5/9 shown in Appendix III. The veloecity distributions of the
HQ2.5/9 show that it pulls a suction peak (shown in Fig. 62) on thg
leading edge of the lower surface for angles of attack less than four
degrees, This suction peak increases the blas toward laminar separation
on Ithe lower surface at low angles of attack. In redesigning the
HQ2.5/9, emphasis was placed on mantaining the same section thickness
and drag peolar structure while mitagating the lower surface suction
peak. The resulting airfoil is slightly thicker than the HQ2.5/9 along
the lowelr-for'ward surface. The new airfoil should cut-perform the
HQ2.5/9.

52091-101-83, Figs. 21-22 - This airfoil is based on the AQUILA
airfoil. Because of the flat-bottom contour of the AQUILA airfoil, it
performs poorly at low angles of attack .such +that an  R/C sailplane
utilizing this airfoll suffers from poor wind penetration as a result of
high drag at low angles of attack. The new airfoll has an extended
low-1lift, low-drag range, which allows for better penetratioq, without
comprising the high-1ift capabillity of the AQUILA airfoil. This airfoil
is a gdod example of convex recovery with no steep pressure gradients on
the upper surface near the trailing edge. As indicated 1in the
Theoretical Boundary-lLayer Summary Table, this airfoil is expected to
perform as predicted. The author highly recommends it for use on a
precision/duration type R/C sailplane.

S$3002-099-83, Figs. 23-24-25 - This airfoil was dqsigned for used
with flaps. For zero flap deflectlon at a BRn of 100,000, its

performance at high 1ift coefficients compares with tnat of the 2046 and
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2391, Notice that the aft loading doea not lead to steep adverge
pressure gradients near the trailing edge. Figure 25 clearly
illustrates the advantage of using flaps - that being a.wider‘opérating
ran.e. At the low lift coefficients (near 91=°‘1' $&=—5 dgg), the lower .
surface shows some separation; however, here the Rn of an R/C sallplane
is much higher'than 200 000. Therefore, this separation is of 1little
concern for this application. At the high 1lift coefficients (near
Cg:1.1,$& =+5 deg), 1little separation is predicted. For 1lift
coefficients 1less than 1.1 at positive five degrees flap deflection,
both the lower and upper surfaces show separation at the low Rn’s, aﬁd
for this reason, excessive positive flap deflection at .low 1ift
coefficients and low Rn’s ia. not desirable, Large positive flap
deflections are suggested only for towing purposes, while small positive
flap deflections are suggested for soaring in light lift.

52027-145-83, Figs. 26-2T7 - This airfoil likelylhas a very soft
stall as indicated by the smooth progression of the separation point on
the upper surface. Close inspection of the airfoil reveals that both
the upper and lower aft surface contours are concave rather than convex
like the MB253515 and the thick low Reynolds number Eppler airfoils.
This convexity should not be neglected in conatructing a wing using tﬁis
airfoil. Also, no attempt should be made to sharpen the leading edge,
as such modification would lead to permature separation at the leading
edge and lower the maximum lift.

$3010-103-84, Figs. 28-29 - In viewing the Theoretical Boundary

Layer Summary Table, the ‘83010 is expected to operate efficiently at

very low Reynolds numbers. Because of this, it is well suited  for R/C
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hand launch gliders.

53021-095-84, Figs. 30-31 - At a glance, the seﬁi-flat-bottomed
S$3021 looks verf much like the famed E205 airfoll. The major difference
between the two is at the high 1ift coefficients. Unlike the E205, at
high 1lift coefficientas, the upper surface transition point of the $3021
progresses gradually towards the leading edge with increasing angle of
attack. The result 1is improved performance at high 1lift {since the
laminar separation bubble is shorter) while the integrity of the Eppler
section at low 1ift is mantained.

S4022-113-84, Figs. 32-33 - Since this airfoil has large amounts
of aft loading, 4its theoretical 1lift and drag coefficients probably
would not agree with experimental data. The actual performance of the
S4022 is most likely similar to the FX63-137 with the exception that its
drag polar 1is narroﬁer by virtue of the 54022 being thinner than the
FX63-137.

54053-089-84, Figs. 34-35 - The author was motivated to design
this alirfoll at the request of Stan Watson who wished to have a "thinned
out E193." The S4053 designed like an Eppler section will perform 1like
onej it must be flown at Rn‘s near 200,000.

54061-096-84, Figs. 36-37 - This airfoil would be an excellent
cholce for a cross-country sailplane where high lift-to-drag‘ratios are
of most importance.

S4110-084-84, Figs. 38-39 - By smoothing the upper surface
velocity distributions of the SEUH6 and combining it with the lower
surface of the 52091, the S4110 results. Since the lowrdrag range 1s so

narrow like the HQZ2.5/9, it 1is suggested that flaps be used on this
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airfoil.

S4158-109-84, Figs. 40-41 - The uniﬁue 54158 must be considered
strictly exﬁérimental. . At the iow 1lirt and high Rn’s, the floﬁ on the
upper surface is pfedicted to transitibn afoﬁnd 68{ of‘thelhchord- where
it then incounters a steep adver#e pressure gradient similar the é low
drag stratford’ recovery. To promote transition at fhis point a
.turbulator could' be place slightly ahead at 60%. At 1nterﬁédiate lift
coefficients, this airfoil p;obabiy has a high drag knee énd,.the;efore,
should be flown a£ high Rn’s to aveid this added drag. ) -

S4180-098.84, Figs. 42-43 - The S4180 was designed pbiﬁArily for
soaring. Its ability to penetrate equals that of the AQUILA airfoil.
According fo the Theoretical Boundary-Layer Summaﬁy Tabie;.this;ﬂairfbil
should out~p§rforﬁ the AQUILA in distance and-dufétion; ' -

S4233-136-8Y, Figs. A44-U5 - This airfoll is a thinner, lower drag
version of the 82027.

S4310-109-84 and S4320-094-84, Figs. U6-47 and 48-49 - Like the
S3021- these aiffoila are 'expected t§ be impfovémeﬂts over the Eppler
sections. | ) |

As diséusaed, the selection of an airfoil should not .be ’based
soleiy on comparisons of the £heoﬁetiea1 section. characteristies
predicted by the Eppler éombuter program;. I& addition, thé velocity
distributions, Theoretical Boundary-Layer Summary Table, and movement of

the theoretical transition point should all be carefully examined before

final selection.
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CONCLUDING REMARKS

In designing airfoils for low Rn’s, a convex recovery is favored
over a concave recovery, thus preventing moderate-1ift hysteresis and
its assoclated 1ift and drag penaltieﬁ. Large amounts of aft loading
which result in steep adverse pressure gradients should be avoided, and
the transition point should be designed to progress forward toward the
leading edge with indreasing angles of attack in order to minimize the
areas 6f laminar and turbulent separation that are detrimental to
alrfoil performance. Some new girfoils have been designed with these
considerations and should prove to be successaful specifically in
application to R/C sailplanes. To¢ use the Eppler computer program for
the design and analysis of loﬁ Rn airfolls, the 1limitations of the
boﬁndary-layer analysis, as discussed, must be considered when designing

and choosing an airfoll for use in the R/C sailplane Rn regime.
ACKNOWLEDGEMENTS

The author expresses special thanks to Dr. Mark D. Maughmer,
Professor of Aerospace Engineering at Pennsylvania State University
(formerly of the University of Illinois), for making available the

Eppler computer program. In addition, the author especially thanks him

for theif many discussions throughout the course of this work.

£ O



20

APPENDIX I

The Reynolds number 1s defined as

Kn" VC (I-\)

—_— —

vV

where
C = wing chord

= velocity
7) = kinematic viscosity

At standard sea level conditions

U= 15723 o ‘Fr'l/Sec. (x-2)

Thus - :
Rh= 6360 V< | sec /3? (1-3)

The 1ift produced by the sailplane is given as

L= Y20V%S ¢, x-4)
where P = A dens\*\y
S= win aveo
Co=z tota\ diveradt & coetficient
For steady, lével flight the 1lift is equal .to the weight.
W= L (T-5)
Substituting equation (T -5 ) into ( I- 4 ) gives
1
W= 4 PyES CL &-6)
Solving for the velocity yields
/ 1
V= [Z W/ (x-1)

) © Co

where W /Q is termed the wing loading.

s/
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Using equation ( IT=T7 ), { T-3 ) may be expressed as

Rn= 63260 [EW/E ¢ (z-8)
| @ Cu
From equation ( I-B ) 1t is seen that increasing the wing loading
and the chord length inerease' the Reynolds number and inereasing the
aircraft 1ift coefficient decreases the Reynolds number. It should be
pointed out the the aircraft lift coefficient is commonly less than the
wing lift coefficient. And the wing lift coefficient is typically less

than the airfoil 1ift coefficient.

5




APPENDIX II
Symbols
e airfoil chord, ft
Cgo airfoil 1ift coefficient
Cd airfoil drag coefficient
Cm ¢/ airfoil pitching~-moment coefficient at quarter-chord point

Rn Reynolds number based on free-stream conditions and
airfoll chord, for airfeil at standard sea level
conditions, 6380VC where [VC]=[ft /sec]

t airfoil thickness ratio

v local velocity, ft/sec

Voo free-stream velocity, ft/sec

V/V, nondimensional veloeity J
x  airfoil abscissa, ft

b 74 percent chord
A angle of attack, degrees

o i zero~-1ift angle of attack relative to chord line -
zero-1ift line, degrees

Abbreviations
T. boundary-layer. transition point
3. boundary-layer separation point
u. upper surface of airfoil
L. lower surface of airfoil

53
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APPENDIX III

The folloﬁing airfoils have been used on R/C sailplanes with much
success. Of course, this success depends not only on the airfoil, but
also, on the sailplane and ,most importantly, the skllls of the pilot.

ANTARES, Figs. 50-51 = This airfoil, used on the Antares sailplane
desigﬁed by Scott Christensen of Top Flite, is a "composite" airfoil.
The upper surface is from the E193 and the lower surface from thé E205.
The resulting hybrid appears no different than the designs of Eppler.

AQUILA, Figs. 52-53 = This flat-bottom airfoil i1s used on the
Airtronies Aquila R/C sallplane (now.out-of~pr6duetion) designed by Lee
Renaud. Close inspection of the airfoil reveals that the upper-surface
contour was borrowed from the EZQS. It 1is interesting)to note that the
upper-surface contour does not yield the same velccity distributions as
the E205. The Theoretical Boundary-Layer Summary fable shows that at
several angles of attack within the drag bucket, a laminar separation
bubble 1s not predicted.

N E205, E211, E214 and E374, Figs. 54-55, 5657, 58-59, and 60-61 -
These airfolls are dealgns of Eppler.

HQ2.5/9, Figs. 62-63 - Designed by Dr. Helmut Quabeck this airfoil
was used ' by Ralf Decker of West Germany to win the 1983 R/C Scaring
Championships held in York, England.. By design, this airfoil 1is flown
with f;aps. '

MB253515, Figa. 64-65 - This 15% thick ai foil, designed by
Michael Bame, 4is thick enough to zllow for use with powerful winches.

Despite its thickness it has proven to be formidable airfoll iIn F3B
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competition. The waviness of the velocity distribution 1is
characteristic of airfoils drawn with french curves as this one was.

Note the convex recovery region.
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THEQRETICAL BOUNDARY-LAYER SUMMARY TABLE

ALRFQIL  ¥-LAMINAR SEPARATION BUBBLE WARNING
0-NO SEPARATION BUBBLE WARNING
~HO BUBBLE, TRANSITION BEFORE 0.05C
=~SEPARATION AT LEADING EDGE (STALL)

CLARK-Y _ +-ANGLE OF ATTACK WITHIN DRAG BUCKET

ALPHA RETNOLDS NUMBER
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THECRETICAL BOUNDARY-LAYER SUMMARY TABLE
AIRFOIL  ®-LAMINAR SEPARATION BUBBLE WARNING
0-NO SEPARATICN BUBBLE WARNING
#-NO BUBBLE, TRANSITION BEFORE 0.05C
-=SEFARATION AT LEADING EDGE (STALL)
FY 63-137 +=ANGLE OF ATTACK WITHIN DRAG BUCKET
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THEORETICAL BOUNDARY-LAYER SUMMARY TABLE l
AIRFOIL  B-LAMINAR SEPARATICON BUBBLE WARNING 1,51 —
0-HO SEPARATION BUBBLE WARNING 35
-NO BUBBLE, TRANSITION BEFORE 0.05C
--SEPARATION AT LEADING EDGE (STALL)
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THECRETICAL BOUNDARY-LAYER SUMMARY TABLE Ca k
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