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though essential for eificiency, are bad news when combined with even modest
sweepback,  (Taper ratio is tip chord divided by root chord; tip fins make
this larger, effectively, while washout decreases it. I correct tbe simple
taper ratio at my 15° - Z20° sweepback and with my sailfins by multiplying
it by @ - (washout in degrees, divided by 50J)) - without complete
justification, but it gives sensible resulis, You need a bigger divisor at
higher angles of sweep, and vice versa, and a smaller without tip fins.
Remember that there is sectlon as well as geometric washout, so if the

aerofoil changes along the span the washout is the difference between the
zero-1ift angles.) -
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This is due to spanwise flow, which is aggravated by sweepback, It occurs

even without this, as Figure 4 shows. You can see that a taper ratio of 0.4
gives & nice even 1ift coefficient, shading off at the tip so this doesn't

stall, and this is in fact optimal for induced drag. Figure 5 indicates how
this changes with sweep.
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Here we encounier one of the delights that mezkes flying wings an edrenaline
high. VWeathercock stability is low in theory and lower in practice. What
there is comes from drag pulling back the wingtips.

Imagine you have a 4-~metre wing with 20° sweepback, yawed 5°. The forward
wing is then swept 15°, so has an effective semi-span of Z2cosl5e; the rear
one 25°, and Zcos2%¢; 1.83 versus 1.81 metres. Great, Induced drag has

6%% more leverage on the forward wing, to twist it back to zero yaw.

Cnly ..: induced drag is inversely related to semi-span sguared.
This reverses the effect. The force decreases more than its lever-arm
increases so the moment, too, decreases - and becomes destabilizing.

Profile drag always helps, but not always enough. If you push a true flying
wing too far you may - as I have - see your model snap-yaw through 180°.
You must have fin area, or some equivalent to this.

This has the best leverage at the tips. Only there's more. Lots more.

Figure 6 chows the pitching moments of a plain swept-back wing as the C;
rises. Because of the strong tip vortex, the tip never stalls completely,
&0 the wing stays stable. Add end-plates, or sailfins, and you rum into the
reversal at high lift in Figure 7, thet produces a vicious pitch-up.
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) Fig. 6 Pitching characteristics at high litt of a swept-
Pitching characteristics at high It of a plain back wing with end plates.
swept-back wing.

So fit a centre fin on a boom?

This doesn't work either, not perfectly. Sweepback acts like dihedral.
Like, not as. Think of a2 symmetrical sweptback wing, flying inverted. It
111 has positive "dihedral®: the effect depends upon the 1ift, both in
direction and magnituvde. Consequently, so should the fin area balancing it.

Don't under-rate the importance of this. Damping in yaw hardly exists, so
a Dutch Roll of considerable amplitude <{and long period) can build up.
This matters because it confuses you about what other devilment your bird is
abouvt, . And on the cbverse side, I fitted exira fins to a Merlin, in an
attempt to inmprove control in gusty conditions. It exhibited extreme
spiral divergence, doubling its roll apgle in 1-2 seconds.
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I was half-expecting the problem. ¥ot so its speed! Usually we don't
bother about spiral imstability in R/C models, it builds up so slowly that
it's easy io correct. But the fundamental characteristics are different in
& wing and - even when they're self-compensating otherwise - can hand out
lethal surprises in peripherzl] areas like this.

My sailfins - Figure 8 - seem to be an answer. They're complex, though,
and you have to vnderstaznd them to vse them effectively.

Angle of View ,

’/ = Figure 8
: Undisturbed i
Airflow
N _Toe in
# exaggerated
Reverse

<« Curve

Front View

At the front there's a reverse-curved section that siraightens the tip flow
and extracts energy from it. It's quite small - EBpillmen showed that the
vortex is strongly channelled, with all its power close to the tip, within 2
few percent of the chord-length there - snd is foliowed by the main fin,
which is slightly toed-in.

Suppose that there's 4° toe-in, and 1¢° yaw. Then the rear sailfin is at 6°
zngle—of-attack, and the forward one at 14° - where it has higher drag,
pulling it back. This is an invaluable non-linearity, that makes the fin
area much more powerful at bigh yaw angles, exactly when you need it.

Ve're not finished. Recall that Iincreased dibedral-effect at bigh 21ift.
The sailfins are canted outwards about 30° (the inexactitude is because
they're semi-flexibly mounted, rigid ones are eternally being broken during
ground handling) and near the stall the toe-in is increased by geometrical
interaction, avgmenting this effect.

Feat, €h?  Except that 2]l this works because they're at the tip - and the
better it works, the more dangerovs that site becomes.

An 1 making too much of this?

I calculated precisely where the Merlin-S should balance if there were no
extra tip-loading, allowing for sweep, taper, washout and section change.
O0f course ! wanted a2 safe initial location, so I stzrted with a centre-
section €, of 0.7 - stall is around 0.9 - and accepted the resulting wean G,
of 045, Vith zero control deflection, the indicated CG position was €6.47¢
abead of the centre-section trailing-edge.

It ploughed in from hand-launches. Initial flights were still severely
nose-heavy at 5.9"; the condition above was reached only at 5.2% 12¢% of
mean chord aft of the calculated balance-point. And it was flown over 30
times at 4.95%, 15% aft!
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The cne factor omitted was the tip-loading. I worked out the 1lift and
noment if there had been no washout, neither geometric nor aerodypamic, and

was able to quantify this effect. It was a startling 6=} Bo, I didn*t
believe it either - not until I'd arrived at the same answer by a couple of
different routes. My 8% washout, 4%° from wing twist and 4° from section

change, was more than two-thirds gone.

There's & consequence and a conclusion.  The first is that washout is much
less damaging than 1 at least had believed; the other 'is that this is a
very powerful factor indeed, so much so as to be centiral in the combination
of stability and performance in wings. I'm persisting with my sailfins, at
least until 1 move to electric twins and can control yaw with differential
power, but 1 now know how dangerous they are - and I'm sweating!

Currently I'm designing for a CG some 7% of the mean chord (wing area
divided by wingspan) ahead of the aerodynamic centre.  Then ! add easily-
renovable ballast to pull it 3% further forward for the early flights. This

is reduced progressively but above all slowly. Incidentally, do calculate
the aerodynamic cemtre - I've had frights because an appsrently-cbvious ac
wasn't where it seemed to be. Figure © shows bhow for a plain-tapered wing;

Kartin Simons gives a procedure for more complex shapes im “Kodel Aircraft
hlerodynamics®, or use calculus - it's simple enough.

Figure 9

Root Chord

ézf’ Centerline

' ' of wing
Tip Chord

a Mean Aerodynamic Chord
of Half-wing

-

Vien a Xerlin &talls straight, it mushes. In 2 turn or pull-up, it snaps
into a spin. Recovery is stick ceniral and forward, then back almost but
not quite immediately. The sailfins stop the yaw withoui rudder assistance
- which is bandy because most Merlins dom't have rudders.  Height loss is
about a hundred feet. If the ground doesn't get in the way.

I've referred to the parachute. This was easily the most jmportant fitment
on the Xerlin-8, which was built to explore the nasties that bhad wrecked
several powered birds. It was a man's bandkerchief, spring efected for fast
deployment, with a two-polnt suspension to avold candling; and it worked
like & dream, de-spinning the aircraft but allowing glide control when out.

I recommend you include one - and use it as the drag brake, which keeps you
familiar with the switch position, as well as ensuring that ii's working.
Parachutes are far and away the best sort of drag brakes for wings anyhow,
normal airbrakes induce pltching effects that are hard to counieract, end if
you fit top-and bottom units to aveld this - and finding the right balance
isn't easy - the lower one Is serjously vulnerable. Be careful that the
cords are the same length, and attach them to the tralling edge.

Be careful sbout something else, too - something you've never bothered about
in a conventional. Lateral balance. Because weathercock stability is low
anyhow there's nothing to keep a model straight before it picks up speed on
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the 1line. If the CG is offset from the towhook, and the wind is calm, an
irrecaverable yaw can develop all too easily. Otherwise tows start low and
fast and go to only moderate height, though even Merlin-5 uses an open-class
bungee, You must allow the line to pull a ¥erlin from you and not throw
1t, with lots of up or up-irim that must come out before release.

Control is by elevons, with electronic mixing and servos immediately ahead
of the suriaces. This last patiers. ¥echanical mixing can be made to
work, but the linkages to it introduce slack and friction and inertia that 1
find unacceptable. Electronic mixers can be mated to some Txs and all Rxs;
if you prefer not to employ them, I'd use a pitch znd a rell servo im each
half-wing, connected directly to an elevator inboard and an aileron outboard.
Or you could have a thin, lightly-copstructed elevon, that will twist, with
tbe pitch horn at the inboard end and the roll horn at the tip - on top, of
course, to avoid lapding damage. (Are you beginning to suspect that I've
cleaned off the botiom of a wing a time or three? If so, you're right.}

The snag with elecironic mixing is that you eitber lose servo movement or
encounter control intersction &t extreme stick positions - which you use
mostly in emergencies, when you least want complications. If the servos
are at full throw in pitch when you inject a roll command, one can't go any
further, while the other comes oif the stops. So you lose some “up®, and
have only balf the roll you were expecting. It's a pein, '

Aggravating this is a highly similar aerodynamic effect. The airflow can
seperate ahead of the elevon, and not reattach. Vorse, there's hysteresis -
when this occurs it persists, to far below the conditions where it began.

One response is to leave a gap, so that there's air bleeding through to
re-energize the boundary layer — Paul Channon does this, very successfully.
I prefer to attack the overall problem, with & rearward CG reducing the
movement that is necessary, and meticulous gap sealing to make the merest
twitch effective. (Fotice that this renders slop intolerable.} Increasing
the elevor chord can help the aserodympamics - it allows the airflow more
distance to reattach - but this loads and conseguently slows the servos, so
again I avoid it. ¥y binges — Flgure 10 - are unusual, they're simply
sirips of glass fibre, that bend on a large rediuvs, plus a rigid sealing-
strip on the other (top) surface. Incredibly, all this works., °

Sealing Strip

c o~
«

Fiberglass hinge
Horn must be '

& Central Z g

Piloting & wing smoothly is quite a trick. The low inertia in pitch cmuses
& “bobble®: after an “elevator" input the wing overshoots the new stable
position, to a markedly greater extent than does a conventional, then swings
below it and perhaps over again before settling down - Figure 11; this also
occurs in rough air. 4 palliative is to move the stick only very slowly
fore and aft - which takes self-discipline when roll control is normal.
And there's the phugoid, the cycling between potential and kinetic energy,
that is marked in wings — for the usual reason, it's damped by drag and the
drag of a wing is low. It can be confused with the bobble; and it's best
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ztopped by 2 quick but tiny injection of "up" Bt the top of the oscillation.
Quick. This doesn't make it easier to control slow in pitch otiberwise.

MNOSE UP
z RESPONSE FOR ALL WING
o
=
- RESPONSE FOR
(W] CONVENTIONAL
gl
[
%s :
‘f‘d E ABRUPT CONTROL DEFLECTION |
Z i
-4
o 8 - |
TIME — .I
1
1
NCSE DOWN
Fig. “

Response of all-wing and conventional
aeroplanes to efevator control. '
I can pilot a Merlin, I can even do this reasonably reliably in favourable
conditions when I'm not experimenting. Only I'm such an old hand that I
qualify for vintage events - me, not my meodels. And still 1 can't fly it
avtomatically enough to operate, say, an cn-board camera, ] need my whole
attention for the alrcrait.

This is the reason for DAAC, the Direct Angle-of-Attack Command systenm,
shown in Figure 12. It's a vane tbat aligns with the airflow, abead of and
a little way above the leading-edge of the centresection, and activates a
Hall Effect sensor; the signal from this goes through a rate gyro - a
standard helicopter unit - that inseris feed-forward, so that the output
indicates the relative airflow half = second bence; and this is compared
with the angle-of-attack demand arriving tibrough the pitch channel, after
which discrepancies are converted inioc servo commands. Parts are working,
but not together, not yet, I'm bopeful that this will esse the piloting
task - it certainly looks as if it'll solve one major problem, judging the
angle-of-attack of these very short aircraft at a distance.

Together give Future

L
Angle of attack \* « e (K (

- n\\ y Required ‘ P .
/l l Aof A
Detects Detects

angle of attack . Pitch rate Servo
- Command

!

-
Swiveling Vane )
(not to scale - Figure 12
mpuch smaller) '

Don't be put off. Try a wing. At the least, you won't be bored!
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WING LOAD DISTRIBUTION CALCULATIONS

In his paper on performance analysis, Martin Simons has a lot to
say about the effects of the distribution of lift forces along the span
of the wing. In this paper, Max Chernoff gives us the basic
mathematical relationships - that allow the calculation of (ift
distribution. Since it uses lifting line theory, this analysis is good only
for straight wings. Max hasn't quit though. | asked him some time ago
to see if he could work up the means to analyze wings that are not
straight. Some such method is necessary to do performance analysis
of flying wings and 10 caiculate the effects of the crescent fype
planforms that we are using today.

feds07
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on wing load computation
Max Chemoff July 1992

In the application of lifting line analysis, a line of vortices on the quarter chord is
assumed to represent the wing which are designated as the circulation. For subsonic conditions
and moderate to high aspect ratios resulting air Joad distributions are adequate with the exception
of effects of tip vortices which generally act to reduce drag than to have a great effect on the air
load distribution. Input data consists of primary geometric data, Reynolds mumbex, total air load .
and density of air under average conditions. From this are derived the total lift coefficient and
velocity based upon spanwise variation in circulation.

Equations for analysis are as follows:

v=-—Re

6360xCgye
where V = velocity in fps

Re = Reynolds number
Cave = average chord in feet

L = weight(lbs) x load factor

where load factor = 1 for level flight .
Toad factor = 3 for strength analysis

cp= —3d
px¥V2xAxn
A = area in square fest
p = density
= .002378bs.ft ~4sec.2
s
L=pV IKdy
_s
where s = gemi-span coordinate dimension
K = circulation
s
D=p Idey
'

where D = induced drag
and w = downwash at 3/4 chord

For analysis purposes, the symmetric loading model is to be considered here.
Utilizing a lifting load program, various configurations were analyzed considering the following
variations:
1. taper ratio
2. flap deflection
3. washout variation
4, washin veriation
5. airfoil variation along semi-span
with the result that in all cases spanwise variation in circulation closely approximated an
elliptical form. Hence a variation in lift being described as elliptical is suitable for prediction of
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loads and variation in shear and bending moment. The resulting expressions would then be in
closed form pot requiring numerical integration.

It follows that:
2
K=Ko1-(2)
where K = circulation at mid-span
from which:.
L !. 2 s
L=pVK0L :—(,) dy = pVKgnS
- CLVA
ad Kg = pVas
andﬂlemducedchgfmallyns
Dy = P—KOJ "5’
ZoKg = CDI—VZA
where Cpyy = induced drag coefficient
From equation forK, : '
c?
L
Cpr = 7aR
452
where AR = aspect ratio = —— N

If the plan form is elliptical, the Jocal C; is constant since the chord varies in the same way as
predicted by the plan form. In that case the local profile drag coefficient would also be constant
over the span. The coefficient, Cyp, would then be derivable from airfoil data. In any case the
value of the profile drag coefficient based upon the total lift coefficlent if it is in the mid range of
the curves. The total drag would then be the summation of both effects as follows:

DRAG= (Cpy+Cpp)Sv2A

For local shear and bending moment values, integration from a lower bound of a reference
station to the tip is now done. Using a change in variables:
z=yls
and using the derived expression for K , the shear value is :

Evalmting the integral and using the arctan function instead of the arcsin function which exists in
all computer languages, the shear value in Ibs, S , is:



Similarily for the bending momemusmgmesamechangeinvuiable:
M= CL(B-—As] j'z 1-22d

'I‘bemtegrnl mevaluatadbyparls andforﬂ:especlﬁedmnge,ﬂlebmdmgmommtmﬁ.lbs M,
is as follows:

2
M= CL(pV ) (1 zo)‘/l zo + zo+-l-)arctan J_ , Z=
(]

The mean chord location then can be determined by dividing the root moment by the semi span -
value.

e

References used are ;
1. "Aerodynamics for Engineering Students®, E.L. Houghton and N.B.Carruthers,
Edward Hutton(Publishers) Ltd., Third Edition, 1982
2. "A Computer Program for Lifting Line Analysis for Symmetric Air Load
Distribution", Max Chemoff, 1989
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PAPER AIRPLANES

Basic aerodynamic principles underlie the flight and performance
of all aircraft. The development of human flight began with modeis
and their use in aerodynamic testing continues today. Paper
airplanes are not, however, generally viewed as research tools.
Hewitt Phillips, who before his retirement was head of Flight
Dynamics at the NASA Langley Research Center, began his career
with observations of the flight of paper airplanes.

It's fascinating that a man whose career has taken his
imagination and creativity to the moon and planets can trace the
origin of his interest to the flight of small models (an interest that he
retains to this day). Hewitt is a well known and highly respected
model designer, builder, and record setter; as well as a widely
recognized research scientist. His observations are unique and
provide a glimpse into the simplicity, elegance, and power of human
observation and analysis.
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WHAT CAN BE LEARNED FROM PAPER AIRPLANES?
by

Hewitt Phillips

Recently, model airplane publications, newspapers, and aviation
technical publications have given much publicity to The World's Largest
Paper Airplane. This project was intended to interest young people in
science and technology. Whether it succeeded in this objective may not be
known for some years in the future, but it did succeed in breaking the
record for the world’s largest paper airplane as listed in the Guinness Book
of Records. Technical advisors on the project were Bill Reed, Jim Penland,
Dick Whitcomb, and the author of this article, all NASA retirees and all
former or active model airplane builders. (Dick Whitcomb informed me that
he had beaten me in the New England Championship outdoor meet in
Boston in 1933, [ didn't know him at the time because he came from out of
town to compete.) -

The technical aspects of the paper airplane project will be discussed in
more detail subsequently. Paper airplanes have never received a great deal
of attention from model airplane builders. Participating in this project
made me realize, however, that paper airplanes have the potential to
illustrate and teach many technical points involved both in modeling and in
full-scale aviation.

My first attempts at model airplane building, as far as | can recofiect,
were paper airplanes made to look like Lindbergh's airplane. | was 9 or i0
years old at the time. These modeis had a span of about § inches. A
sketch of my recollection of them is shown In figure 1. Our family used to
go for a month's vacation each year at an old hotel at Long Beach, near
Gloucester, Mass. On rainy or foggy days, | would fly these models in the
big living room of the hotel. They flew fine, but one thing [ found out was
that when | warped the wing to make them turn, they always turned in the
opposite direction from what they were supposed to. Of course,
Lindbergh’s airplane had a pretty small vertical tail, but it wasn't until many
years later that 1 learned about the effects of adverse yaw, directional
stability, etc.

Years later still, in 1856, the Bell X-2 airplane, flying at supersonic speed
over Edwards Air Force Base in California, rolled against the ailerons, got
into a divergent maneuver, and crashed. The designers had incorporated a
device to lock out the rudder at supersonic speeds because a tralling-edge



control is pretty ineffective under those conditions, and the twist in the
vertical tail caused by a rudder deflection would have given reversed
control. The designers didn't properly consider the aeroelastic effects on
the sweptback vertical tail itself, however. These effects reduced the
stabilizing effect of the vertical fail to the extent that the airplane
approached a condition of directional instability. As a result, the adverse
yaw of the ailerons took over and caused the airplane to roll the wrong
way, just like my paper model.

On fine days, | flew my paper models from the boardwalk and attempted
to get them to soar in the updrafts. They invariably turned around and
headed inland. Anyone who has tried slope soaring with a radio-controlied
glider along a dune or ciiff has noticed this same effect, which is powerful
enough that a large amount of control is required to overcome it. When
hang gliders were first used, quite a few of them crashed when flying
alongside a dune or chiff because they had insufficient lateral control
produced by shifting the pilot's body. Modern hang gliders are designed
with a "keel pocket" or similar device to cause the wing to twist when the
pilot's weight is shifted laterally, thereby increasing the lateral control
available.

When my paper gliders momentarily hovered in front of the boardwalk, |
observed the rapid climb in the updrafts. | wished | had some way to
control them. My wish was fulfilled with the development of radio control,
so that | can now keep my gliders headed into the wind. | haven't been
able to do it yet with paper gliders, but | have done slope soaring with
models as small as a wooden hand-launched glider.

To most schoolboys, of course, paper airplanes mean paper darts of
delta planform folded from a single sheet of paper. These models fly well
except for a rather common tendency to oscillate in roli. Aeronautical
engineers, in years prior to WW I, frowned on these designs because of
their poor aerodynamic efficiency, but during the war it was discovered
that this planform had very much less drag at supersonic speeds than a
more conventional unswept wing. Quite a few airplanes, such as the
Convair F-102, for example, were made with Delta wings, but the Dutch-roll
tendency was a serious problem. As a result, yaw and roll dampers were
developed to damp out these oscillations. Perhaps this problem was
recognized without consideration of paper airplanes, but the schoolboy's
models nevertheless predicted it quite accurately. The schoolkids can now
take pride in having outguessed the aeronautical engineers on what was
an efficient aerodynamic configuration.

My early experiments with paper airplanes are just another example of
how the youth of America were enthused with aviation following
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Lindbergh's flight. Nowadays, however, very few young people
spontaneously take up model airplane building. The start of the project to
build the world's largest paper airplane came when officials of NASA and of
the new aerospace museum in Hampton, VA, the Virginia Air and Space
Center, were discussing possible exhibits to illustrate the principles of
asrodynamics. One suggestion was to use a large paper airplane, of the
deita-wing variety, about ten feet long, suspended above a console with
explanatory material about aerodynamics. Later, Dr. Ferdinand W.
Grosveld, then chairman of the Hampton Roads Section of the American
Institute of Aeronautics and Astronautics (AlAA), heard about the idea and
conceived a project in which students would be motivated to take an
interest in science and engineering by attempting to break a world record.
He looked in the Guinness Book of Records and found one category in
which it appeared feasible to break the existing record. This category, The
World's Largest Paper Airplane, specified that the record would be
awarded to the model with the largest wing span, made entirely of paper,
glue, and adhesive tape, that would fly at least 50 feet when launched from
a 10-foot high platform. The record at that time was a span of 10 feet, but
was increased to 16 feet, 4 inches during the course of the project by the
students of Pendleton Helghts High School, Indiana.

The story of how the Hampton, Va. school systems became interested
and how four or more seniors were assigned to the project from each of
the four Hampton High Schools has been told in so many modeling
publications that it seems unnecessary to repeat it here. (see references 1-
4). The point | would like to emphasize is that the specifications for this
airplane posed an entirely Impractical and arbitrary problem; what
mathematicians would call an academic problem. The performance
requirements were so low that even a non-aerodynamic shape (the
proverbial brick) could have been thrown 50 feet from a ten-foot high
platform, yet the fact that the record was based on wing span required a
high-aspect ratio wing that had the potential for an excellent glide ratio.
Such an academic problem is an excellent educational tool. Preconceived
ideas as to what the glider should look like must be discarded, and
consideration must be given to many factors not mentioned in the
specifications. This process is exactly what the designer faces when
designing a vehicle for a new task or a new flight regime that has not been
previously explored.

Despite my experience with many small paper airplanes, | had very little
idea what problems would be encountered in building a really large paper
airplane. In order to get some experience, | built a three-foot span model,
made of discarded copying-machine paper, using tubular spars, paper ribs,
and paper covering on the top and bottom of the wing (figure 2). The
construction was simiiar to that of a conventional model airplane of baisa
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and tissue. It was difficult and time-consuming to build, but it did glide,
rather poorly, after a high-start launch. The weight was 5.6 ounces, about
twice what would have been expected for a conventional balsa wood
model. This mode! was kept secret from the students, because | didn't want
to influence their thinking.

The model did infiluence our thinking about weight, however. If the
model had been scaled up geometrically to a 25 foot span, say, the weight,
going up as the cube of the scale, would have been 202 pounds, obviously
too heavy for a hand launch. The conclusion was that all dimensions of
the model except the wing span, such as the wing chord, fuselage iength,
tail size, etc., should be kept as small as possible. Also, the advantage of
tapering the wing and the wing spars was recognized. | made some paper
tubes for wing spars by wrapping paper on the sections of a 12 foot
tapered fiberglass pole that | use for retrieving models. It was
demonstrated that a 12 foot tapered paper tube of this type, weighing only
five ounces, when held at its large end, would readily support its own
weight with a safety factor of two or three.

Though these spars were too flimsy for the actual wing, this was the
first indication that a really large modei couid be built without excessive
weight. Later, many tests were made of different types of paper and glue,
and the tubes were tested to destruction to determine which were most
satisfactory. The students learned quite a lot about research techniques
and about structures, but, | fear, not much about aerodynamics, because of
the low requirement for aerodynamic efficiency.

A picture showing the design of the completed models Is given in figure
3. Rolling paper tubes proved to be a simple procedure involving
teamwork of the students. As a result, the entire framework was made
from roiled paper tubes, using two to four layers of paper of thickness
similar to that used in manilla folders, and glued fogether with spray
cement or Titebond cement. The spray cement had the advantage that the
tubes were ready for use immediately after completion, but the Titebond,
when dry, resuited in a stiffer spar.

As the project neared completion, it was decided that the record trials
would be made before a large crowd of people in the NASA flight research
hangar at Langley Field. As a result, two complete gliders were buiit in
case of damage to one of them. The first model was built with spray
cement, the second one with Titebond. Figure 4 shows the bending of the
wing of the first mode! under its own weight. The second model was about
twice as stiff. The bending did not influence the flight characteristics,
however. In flight, the weight on each spanwise section is approximately
balanced by the lift on that section, so the wing bends up in flight much
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less than it bends down when held overhead in the launch position. The
twin-boom fuselage arrangement, suggested by the students, also helps to
spread the load spanwise as well as adding to the torsional rigidity of the
structure.

Two factors considered important in the design of the models were ease
of construction and transportability. The tubes were used for both ribs and
spars, resulting in a flat airfoil that was covered just on top, like an indoor
model. This technique allowed the students to do a neat job despite their
lack of modeling experience. The paper tubes allowed the wing to be made
in six-foot sections with plug-in joints between the sections. The wing
had four six-foot sections, giving a basic span of 24 feet. Then, each glider
had a removable four-foot center section that could be inserted to extend
the span to 28 feet. When the gliders were assembled, strips of the
covering paper were attached with scotch tape to cover the gaps between
the sections.

As pointed out previously, aerodynamic efficiency was not a
consideration in setting the record. It was desired to have a flat enough
glide to allow a safe landing, but too flat a glide was considered
undesirable because the flight from a ten-foot platform would exceed the
space available in the hangar.

A final lesson learned by the students, as many aeronautica! engineers
have found to their dismay, was that the gllders came out considerably
heavier than predicted. Fairly careful estimates of the weight of the paper
in the spars and covering indicated a total weight of about five pounds.
The actual weight of the completed 24 foot glider was 8 pounds and that of
the 28 foot glider was 9.5 pounds. No doubt most of the difference is
accounted for by the weight of glue, several bottles of which were used in
the construction. Gussets, reinforcements, etc. probably accounted for
the rest. The final weights, however, were well within the capabilities of
the students to liff and launch the gliders.

The record attempt was made on March 25, 1992. The record was
immediately broken by the 24 foot model with a flight of 101 feet, 9 inches.
The record was then broken by the 28 foot model. Finally, small tip
extensions, which might be called "span enhancers”, were added to give a
span of 30 feet, 6 Inches. The model in this configuration made a glide of
Ii4 feet, 9 inches. Considering the platform height and the height of the
student launching the model, the initial height was probably about I5 feet,
corresponding to a glide ratio of 7.6 to 1. The flight distance turned out to
be just about right, considering that the hangar floor had been cleared for a
distance of 150 feet.
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The two gliders are now removed from further testing, one being
displayed in the Virginia Air and Space Center in Hampton, Va. and the
other in the Hampton School Department headquarters. it is interesting to
speculate, however, on what might be done with these models. With small
modifications, an efficient airfoil could be instalied on the wing, which
should produce a much flatter glide. A category exists in the Guinness
Book of Records for the World's Largest Radio-Controiled Glider. The
current (1992) record is a wingspan of 32 feet 6 inches. The paper glider
could take this record also with the addition of radio-operated controls and
some further enhancement of the wing span. Perhaps a better plan,
however, would be to leave this record for the R/C glider enthusiasts,

References:

1. Grosveld, Ferdinand.- The "White Pelican” project. AIAA Student
Journal,Vol.30, No.2, Summer 1992, pp 6-10.

2. Phillips, Hewitt. - The World's Largest Paper Airplane. Free Flight, the
National Free Flight Society Digest, Vol. XXVi, No. 6, June/July, 1992,

3. World Record Paper Airplane: Mode! Aviation, Vol 18, No. 8, Aug. 1992,
pg 24.

4, World Record Paper Airplanes.- Model Builder, Vol.21, No 11, Aug.,1992,
pg.6.

SOARTECH R/C SOARING JOURNAL
NUMBER NINE ---— Page 114



1. Paper airplane patterned after Lindbergh's "Spirit of St. Louis".
Drawn from memory, 65 years later.  Above: The Ryan NYP, "Spirit
of St. Louisg". and the Bell X-2. ’
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2. Paper glider with 3 foot span, on a recycling container - a suitable place
for it '

3. Front view of paper airplane No. 1. Spars built using spray cement. 28
foot span, showing wing defiection under gravity.
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ACCURATE LEADING EDGES

Many people still build sailplane wings from wood. No matter
what construction method is used, the accuracy of leading edge
contours is always a problem. By refiecting on this problem, instead
of just doing it the same old way, Dennis Oglesby has come up with
an improved method that is elegant, simple, and extremely effective.
Adhesives and wood are very different in hardness and response
shaping methods. In the process that Dennis presents here, the
adhesive lines actually help, rather than hinder, the difficuit process
of achieving a consistent and accurate leading edge shape.

Is the day of the wooden model over? | think not, and although
much attention today is directed toward the use of composites, most
modelers, | think, still use wood of various types to build their
models. Look in previous issues of Soartech to find data on all of the
different types of wood that have been used to build models (and full
scale aircraft as well). Wood is still a great medium for model
building, and as the problems and toxicity of modern materials
persist, we'll continue to need better techniques to for designing and
building accurate wood model structures.
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BUILT-IN SHEETING

A Suggestinn.to Improve the Leading Edge

Accuracy of sheet-on-ribs Wing Profiles.

Amongst the 400 pages of "Airfoils at Low Speeds" by Selig,
Donovan and Fraser, is a most detailed study of the accuracy of
"home built" wing panels. Treiling edges were found to be
variable with various types of construction, but note alsa the
following gquoted pessage:-

"Built-up, shested models tended to have s problem
with the blend between the leading edge and the
beginning of the sheeting".

So why should one of England's least prolific model builders
dare to attempt an article on construction techniques? The
answer starts with &t lesst & years of my engineering studies
which involved the effects of loads on structural beams. Ue
were encoursged to understand how each type cf losding caused
beems to adopt particulsr types of subtle curvature.

Later on, when my unskillful fingers fumbled to create good
profiles from ribs and sheeting, this training helped me to sce
gquite clearly what the problems were. Although I have produced
a mare four new gliders in the last 19 years (ouch!), they have
all featured "built-in sheeting™ as described in this article.
So far, I have not seen any other glider plan using this
method. The abaove quotation induced me to publish it.

Rib and sheet construction involves the bending of sheeting
onto ribs so that the sheeting outer surface, when covered,
becomes that subtle curve that is the desired aerofoil surface.

Now try to visualise that sheeting as an enormously wide beam
being loaded and bent to achieve the aserofoil profile. Fig.1
shows sheeting being bent onto ribs by losds A and 8, Some
diffuse loading between A and B is also necessary for sccuracy
and strong adhesion, but as long as the profile is curved all
the way across, full sheeting contact demands considerable
loading st A and B, In practice there will always tend to be a
situation shown in the. enlarged detsil uwhere, over a short
length, the leading edge sheeting will muster snough resistance
ta hold itself off the rib profile. Here, the sheet curvature
decays to zero (it becomes straight). This is not compatible
with most serofoils where profile curvature tends to be
progressively incressing towards the leading edge (Fig.2).
Just as important, there will be other distortipns across the
gaps between the ribs.
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Fig.3 illustrates the classic cantilevered beam as taught to
many types. of engineering student. It is simply a beam which
is "huilt-in" to a solid (ideally rigid)} support at one end.
The typical load "A" induces a natural curve in the beam which
is =actually zero (straight) a2t the point of loading, and
incresses progressively towards the built-in end.

Beginning to get the message? The remaining illustrations
follow the construction that I wuse to assist in achieving
accurate and consistent L.E. profiles.

Fig.4. Design Stage., Draw the nose of the desired profile to
magnified scale. Decide how thick you need your L.E. strip
("a") and draw in it's aft face at 907 to the bottitom of the
profile curve. This, togethéer with the thickness allpowance for
sheeting and covering, determines the profile of the rib -
Fig.5.

Fig.6. Prepare the complete bottom sheeting flet with accurate
butted sheeting joints &s required. Trim L.E. of sheeting with
a streight-edge &nd glue on the rectangulser L.E. strip. Mark
on the locations of the rih.

Fig.7. I do this stage in my hands, glueing the ribs into
place one at a time, firmly forcing the L.E. strip onto the
front ef the rib. Be careful to place the corners of the ribs
right into the corner between the L.E. strip and the sheeting.
Providing an eadegquately sized L.E. =strip is used, 2 built-in
beam effect is echieved with a progressive incresse in
curvature towards the L.,E, Also, this curveture should be
closely held al]l the way across the gaps between the ribs.

Fig.8.: After completing the sper and cther wing internals,
start the top sheeting by re profiling the top of the L.E,

strip to be optically (i.e. eyeballl!) in line with the tangent
shown.

Fig.9. Prepare the top sheeting Fflat similar to the bottom.
Then, with the wing well supported (with any intended twists
set in), apply & "fast glue" to the L.E. strip and a "slow
glue” to the rib tops. Fix the top sheeting firmly to the L.E.
strip. When the "fast glue" haes tsken, apply closing forces
(0ld magezinesl) to the sheeting-ts-ribs joints. The top
"sheeting will now be "built-in"™ so as to have progressively
incressing curveture towards the nose. Agein, this will be
closely meinteined across gaps between the ribs.

Accurate finishing of the nose profile is still required and
could essily justify a separate article by builders better
qualified than myself.
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My method starts with the marking of ink lines =2ll =long the
L.E. at 0, E and F where the serodynsmic profile should be
tangential to the current construction profile. My favoured
tool is a reslly flat hardwood strip about 7" x 1?" x S/16"
with fine &and medium glass paper glued flat ontoc opposite
feces. The ink lines should ideslly not vanish., I do the job
cutside in clear sunshine so that the casting of light =and
shadow around the L.E. shows up any inconsistencies. Fig.11
shows how correct alignment of the wing, sanding tool and sun
causes any local section down the wing to become visible., 1In
Fig.11, the far edge of the shadow shows what I aim for, but
the near side of the shadow shows a typical problem caused by
the harder emerging glue line,. Fig.10 shows how the sanding
tool flatness is used to sand sway the glue without removing
any more of the surrounding wood than is needed.

Discussion with George Stringwell obtained his suggestion in
Fig.12. The same principles are to be used to control the
sheeting, but a double L.E. strip results which prevents the
emergence of glue lines., The secand strip is fixed after the
top and bottom sheeting has been cut back into line. Glue is
epplied only to the centre zone of the joint, and one hes the
option of trying a harder material at the front.

Tapered Wings:

For constant zerofoil, taper the "a" dimension pro rata.

Heavily Swept Leading Edges:

The angle cut at the front of ribes will be affected by
significant amounts of sweep. I have developed a splution in 3
dimensional trigonometry and sapplied it to my "Clockwork
Kestrel" tasilless mini glider. .
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