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FOREWORD

Serious research looking into the Princeton Sailwing concept has been
underway at Princeton University since early 1961 when it came under the
sponsorship of the GEM Task Group, U. S. Army, TRECOM.

The original interest of the group was to determine the applicability
of the sailwing as an auxiliary lifting device for a cruising ground efiect
machine. In order to make such a determination it was first necessary to
explore the basic wing from the point of view of its structural and aero-
dynamic characteristics. The results of this initial exploratory work

are presented in this report.
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I. INTRODUCTION

The Princeton Sailwing, first conceived in 1948 as an advanced sail
for a boat and later (in 1952) converted tc a wing is shown schematically
in Figure 1. It will be unoted that the structure consists of a rigid lead-

. ing edge and tip with a wire (in tension) trailing edge. The wing is rib-
less and is covered top and bottom with a flexible but ideally a non-
stretchable fabric.

The original intent was to simplify, to a practical ultimate, a wing
suiteble for subsonic flight which would embody light weight, low cost,
and easy foldability. It was not at first thought that saéh a wing would
compare favorably with conventional hard wings. It will be seén, however,
that there is considerable reason to expect that the aerodynamic efficiency
of the sailwing can approach that of a hard wing.

The emerging facts from the study herein reported suggest that froﬁ
all considerations the sailwing will find an {mportant place in low speed
aeronautics. The structural problems, while somewhat ditferent from con-
ventional practice, appear easily handlable. The delormations of the
wing in {light seems to be in the direction of yielding reasorably high
Jpan efficiences. The sailwing configuration as shown in Figure 1, seems
to be compatible to almecst any of the conventional planforms, whether
they be swept, straight or tapered and with a wide range of aspect ratios.
Sailwings so far tested have all been non-swept tapered wings of aspect
ratios ranging from 6.0 to 14.0 ylelding maximum lift coefficients as
high as 1.7 with gentle stall characteristics. This is not to imply that
there are no problem areas for, in fact, there are. These will be dis-

v cussed in a later section.
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II. DISCUSSION

A, Models

Since, at the outset of this exploratory research program, little was
known of the behavior of sailwings it was decided to look at the -.ost basic
characteristics. This includes the following essential points to which
answers were required for a preliminary evaluation of the concept:

1, The ballooning or deformation characteristics of the sail in
forward flight.

2. The flutter behavior patterns of the wing in straight and yawed
forward flight.

3. An estimate of the L/D characteristics.:

4. The effect of porosity on the significant aerodynamic character-

5. The effect of a and angle of attack on camber and thus performance.

6. The sgtall characteristics of the sailwing.

7. The practical aspects of a realistically sized sailwing.

In order to provide the recessary information for some understanding
of the above unknown characteristics it was decided to construct several
models - each one designed for a special purpose.

The first model - that of an aspect ratio 14 sailwing shown in Figureas
2(a) and 2(b) was constructed and fitted to & go-cart to determine the
gross effects of forward flight on the deformation and ballooning character-
istics of the wing. It will be noted ﬁhat both Figures 2(a) and 2(b) are
essentially the same view of the wing - the former at rest while the second

of these figures show the sail in forward motion at approximately ten degrees



angle of attack at 20 mph., 1In this figure the trailing edge deformation
is clearly shown. |

Figures 3(a) and 3(b) show the same aspect ratio 14 wing fitted to a
model glider fuselage which was successfully flown approximately 50 times.
This model was towed by auto and released when several feet in the air.
The observations and measurements made with this craft will be discussed in
the next section.

Figure 4 is a drawing of a two foot span, aspect ratio 6, taper ratio
.33 sailwing designed for wing tunnel experiments. These teste were to
determine the lift, drag, and pitching moment characteristics of such a
configuration. It will be noted that, in this case, t%> leading edge is
tubular with a plano wire trailing edge. This structure was covered with
untreated aircrast fabric which is quite porous. As such it is considered
to be the most primitive version of the sailwing. Figure 5 shows, pictori-
ally, two views of this wind tunnel model. The results of these experi-
merits are quice interesting and will be discussed in the next section. Of
course, 8 major problem was how to extrapolate wind tunnel results to a
full scale configuration. How to scale porosity is a problem seldom posed
to subsonic investigators. This is, however, easily golved by testing a
realistically sized model. Such a craft as pictured in Figure 6 was con-
structed mainly to determine C; max, L/D anc the Cp ,¢ relationship of
a useful size sailwing with minimum porosity. For this reason Dacron waa
4 selected as the sail material. It appears to be practicaliy non-porous.

To date, severe lnteral control problems have .imited the number of flights

of this aircraft. The flights Lave, however, provided & rapid understand-
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ing of the problems, solutions to which are presently underway. The detailed
geometry of this glider is shown in Figure 7. It will be noted that the

agpect ratio is 11.0 and that the planform is characterized by a concave trail-
ing edge. This trailing edge configuration 18 required to keep a chordwise

component of tension in the cloth covering material.

B. Tests and Test Results

The wings fitted to & Ge-Cart shown in Figures 2(a) and 2(b) yielded
the qualitative information that the sails do, indeed, deform in a quite pre-
dictable manner much as has beern indicated in Figure 1. It had, at first,
been feared that the upward deformation of the triiling edge wire, resulting
in a reduction of angle of attack at mid-semispan would have a detrimental J
effect on span lift distribution. It is cer’ainly so that the loading of ' "
the sail causes this loss in angle of attack. It is also so, however, that
because of rhe chordwise lift at the least restrained location of the trail-
ing edge wire (mid-semispan) that there is considerable deformation of the
trailing edge wire in the forward direction. This is shown schematically
in Figure 8. It will be noted in Figure 8 that as angle of attack is re-
duced due to vertical deformation in the trailing edge wire, considerable
ihcriuao in camber is effected due to the forward deformation of the wire.
The intereating results of this combined deformation is shown in Figure 9.
This is a qualitative and quite idealized evaluation of the nature of the
8P&.: 11IT aistribution. It will be seen, from inspection of the Figure,
that cne might expect considerable deviation from the optimum elliptical \
11ft distribution due to local angle of attack reduction in the vicinity

of the mid-semispan. The effect of the camber increase in proportion to



angle of attack decrease, however, tends to wipe out this deviation from the
ideal lift distribution yielding, in a general way, the results shown in
Figure 9. In other words, the two effects are of a canceling nature. This,

- it is suspected, is one of the reasons why the sailwing can, at some values
of 1lift coefficient, compare so favorably in efficiency to a hard wing.

The original aspect ratio l4 wings fitted to the model glider fuselage
(Figure 3) ylelded the lift curve shown in Figure 10. The scatter in the
data points in this Figure is the result of the very exploratory nature of
the experimente. The model, as shown in Figure 3, was fitted with a tri-
cycle landing gear, the nose wleel strﬁt being adjustable in length. Thus,
by varying the nose strut length, the ground angle of attack could be
changed through approximately 20 degrees. The experiments consisted of
measuring take-off velocity as a furction of ground aagle of attack. While
the glider was trimable with an adjustable stabilizer it was not always
possible to trim for a three wheel (zero rotation) take-off. This fact,
more than any other, is recponsible for the scatter of the data shown in
Figure 10. Repeatad experiments, however, statistically confirm the
results shown.

The results of wind tunnel teats with the aspect ratio 6 model shown
an Figure 4 appear in Figures 11 through 18. This model was first tested
with the cotton cloth covering in its natural state. That is no treat-
ment of the surface was made Lo reduce porosity or to 1ncre;ae strength.

. It was tested first remote from a ground board at two values of q and in
ground effect (M/mac = .45) at the same two values of q. It will be noted

in Figure 11 that the initial slope of the lift curve is increased as the




ground clearance i.; reduced. This is as would be expected and agrees in
general to the bebavior of hard wings near the ground.

More significantly, however, the initial slope of the lift curve even
at N/mac = oo is extremely high for a three dimensional wing. Indeed, this
value of 9CL/do = .11 rivals the slope of two dimensional lift curves.

The explanation fﬁr this appears diagrammatically in Figure 12. This

figure shows typical profiles of the model tested as a function of angle

of attack. It will be noted that at *® = 0° the section is symmetrical.

As angle of attack increases camber increases thus producing au effect on
11ft not unlike a hard wing with a geared flap (flap deflecticn mechanically
related to angle of attack).

The Figures 13(a) and 13(b) show the drag characteristics of this model.
It is emphasized that the values of drag coefficient shown are artifiéally
high. They are taken from data not corrected for tares. It will be noted
in Figure 13(a) that drag increases with q, probably dve to the greater
leakage through the porous cloth. Figure 13(b) indicates little or no
change in drag with change in B/mac. This is alsc in agreement with the
geaeral bshavior of hard wings in and out of ground effect. |

Figures 14(a) and 14(b) show the general stability characteristics of
the untreated cloth wing - first under the conditions of variable q and
constant "/mac and also for constant q with variable h/ulc. The most inter-
esting observation to be made from these results {s Zne strong longitudinal
stability of the wing. It is deduced that this {s also an effezt of the
variable camber characteristic of the wing. It will be noted that each of

the stability curves tend to break at a value of lift coefficient of approx-

imutely .3 to a somewhat less stable slope but still retaining unusually
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good stability up to the stall. In genzral there scews to be little effect
of q on the slope of the pitching moment curve but there is a pronounced
effect of ground effect upon this slope. This effect of close proximity

to the grcund of significantly increasing longitudinal stability is in
agreement with the peneral behavior of hard wings in ground etfect.

Upon completica of the wind tunnel tests with the porous model an
attempt was made to decrease the porosity by impregnating the cloth with
a light wax. The results of repeat experiments utilizing the treated k
model appear in Figures 15 and 16. It will be noted in Figure 15 that the
initial slope, a,, of the lift curve, while still extremely high for an
agpect ratio 6 wing, 18 slightly lower than that for the untteated wing.
The reason for thie appears to be because the waxed wing was substantially
stiffer than the non-waxed surface thereby somewhat restricting the camber
crange with angle of attack.

Figure 16 shows that the drag characteristics are considerably improved
by decreasing the porosity of the cloth. Again it is emphasized that these
are no* absolute values of wing drag but include high tare drags.

In an attempt to arrive st & close approximation of the lift/drag char-
acteristics of the sailwing it was decided to test an existing hard model
of a Navion wing in the same tunnel using :he same balance and velocities
that were used for the sailwing experiments. The results of these Navion
wing tests allowed not only a direct comparison with sailwing results, buf
also permitted a reasonable method of ¢! sely estimating tunnel drag tares
since Navion wing characteristics are well known. Such a comparicon appears

valid, chiefly becauss tha two models hed the same aspect ratio, span and

e 7 =




area. Therefore the wind tunnel wall and horizontal buoyancy effects should
be identical.

The results of the corrected drag measurements are shown in Figure 17
f>r both the Navion wing and the aspect ratio 6, untreated sailwing. Figure
17(a) compares the sailwing and Navion wing polars showing a tendency coward
convergence at the higher values of lift coefficient. This is also shown in
tecms of /D versus CL in Figure 17(b). The sailwing tested appears to have
a maximum L/D of approximately 11.0 occurring at a lift coefficient of .4,
It should be emphasized that this L/D max. of 11.0 is for the uatreated
cotton cloth wing and is thus the most unsophigticated version of the con-
cept. The final comparfson of the two wings is made in Figure 18 which
shows directly thé relative L/D ratios in terms of an effective efficiency
versns lift coefficient.

The third sailwing model from which observations and data have been
obtained is the man-carrying sailwing glider. This machine is shown in
Figures 6 and 7. Unlike the tubular leading edge of the wind tunnel model
this saiiwing has a drooped symuetrical D-spar leading edge which 1s hinged
and readily foldable.

The reason fbr the drooped leading edge is shown in F'gure 19. It
will be noted in the top diagram of Figure 19 that the non-drocped leading
edge (as used on the 12' free flight model zlider) causes a diacon;inuity
of the lower surface. Since guch a sharp break in the camber is drag pro-
ducing it is advantageous t- eliminate it, Of the several means of accom-
plishing a smoother camber (including a transition fairing as shown in

Figure 19) the drooped spar was selected for the full scale wing. Thc¢ sall

.8.
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is 3.8 oz. Dacron which was selected for “ts dimensional stability (non-
stretchability) and for its lack of porosity. Figure 20 shows the wing
structure folded prior to the attachment of the sail. Pertinent specifica

tions for this sailwing glider are as fnilcws:

Span = 30

Length = 19!

Height = 6.75'

Area = 88 ft.2
W/s =5.5 #/ft.2
Aspect Ratio = 11,0

CL max. =1.7
Weight (with Pilot) = 480 1bs,

The original purpose of this machine was to determine the Cp, curve
and the L/D, Cr curve for a realistically sized sailwing. In addition,
much valuable qualitative information has been gained including such
importaat observations as the nature of the camber distribution and the
extent to which flutter is a problem. To date, eight flights have been
made testing different methods of lateral control. The wing has performed
in a quite predictable manner even during a full stall landing. It will
be noted in Figure 6 that the sail is made up of a number of alternate
co'ored Dacron Strips. This color pattern permits a visual and photo-
graphic interpretation of the camber. Figures 21 and 22 show the under-
camber and upper camber when the glider is in forward motion just prior to
take-off. Research flights are coutinuing with this machine, the results
of which, wiil, it is hoped, permit the next generation sailwing craft to
be a useful powered airplane of extreme simplicity, light weight, with

foldable wings of relatively high efficiency.
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III. CONCLUSIONS

From the numerous experiments herein reported certain conclusions can
be drawn:

1. The Princetoa Sailwing does defcrm in a generally predictable
manner.

2, The deformation of the wing produces a loss in angle of atteck at
the mid-semigpan region but tends to cancel thig detriment to efficient
span lift distribution by an increase in camber in this region.

3. For the reason nentioned above the ultimate efficiency of a sail-
wing can approach that of a good hard wing.

4. The sailwing is easily foldable, light in weight and low in
cost.

5. The initial slope of a sailwing lift curve is very high by threé
dimengional standards and the wing is very stable longitudinally. Both
of these characteristics seem to be due to the camber change with angle

of attack.

6. It is most important from the point of view of low drag to have
a non-porous sail. Dacron appears to be an excellent material for this
application.

7. The stall characteristics of the wing appear gentle. Wind tunnel
tests indicate this and full scale test £lightl have confirmed this stall

characteristic.
8. Within the limits of the full scale Reynolds Numbers so far
encountered (1.5 x 106) wing flutter or excessive wrinkling does not seem

to be a problem.
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APPENDIX

As mentioned in the foreword, work with the Princeton Sailwing corncept
was undertaken and sponsored by the GEM Task Group, TRECOM to determine the
feagibility of sailwings as an auxiliary lifting device for ground effect
machines.

It is the author's considered opinion that sailwings are ideally suited
to such an application for the type of GEM intended to cruise at relatively
high speed over reasonable rough surfaces (particularly water) with efficier
cies not ordinarily associated with ground effect machines. This opinion
is bssed upon the promise of high L/p ratios particularly at high lift co-
efficients when in close proxiﬁ!ty to the ground. The easy foldability and
d;ployability is another valuable asset of the concept - not only for GEM

application but for some aircraft uses as well,
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BASIC SAILWING STRUCTURK
FIG. ¢
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TWO VIEWS OF WIND TUNNEL MODEL FIG. S
SAILWING

BEFORE
COVERING

AFTER
COVERING

ASPECT RATIO 6.0
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FIG. &

GENERAL VIEW OF FULL-SCALE SAILWING
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QuALl TATIVE BEHAVIOR OF

CcAMBER CRANGE WITH ANGLE OF ATTACK Fla. 12
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FIG. |9

NON - DROOFED SPAR PROFILE (LOADED)
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