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Theoretical and Experimental Aerodynamics of the Sailwing

RoBERT A. ORMISTON*
Department of the Navy, Ames Research Center, Moffelt Field, Calif.

The sailwing is a unique type of semiflexible foldable wing. A brief description of its con-
struction, basic properties, and some past research, is used to introduce an analytical and
experimental study of its aerodynamic characteristics. Emphasis is placed on an approxi-
mate structural analysis which treats the nonlinear behavior of the sail deflection. Two-
dimensional flexible airfoil theory and Prandtl lifting-line theory are used to establish the
aerodynamic loading. The results allow prediction of the induced tensions, the nonlinear
life curve, induced drag, and aeroelastic divergence of the sail chordwise deflection mode.
Selected experimental results are presented for comparison with the theory, along with a
brief discussion of the implications of the study regarding flight vehicle applications of the

sailwing.
Nomenclature
AR = aspect ratio
b,c = gpan, chord, ft
¢ = two-dimensional lift coefficient
Cy = sail-deflection parameter, Eq. (32)
CrL = lift coefficient
Cr, = angle-of-attack lift effectiveness, per rad
Crg, = gsail angle lift effectiveness, per rad
Cr, = tension coefficient, 1',/¢Su
Cro = divergence tension coefficient
aq = membrane deflection parameter, Eq. (32)
Ke = camber lift effectiveness, 7.28/2x
K = elastic constant, lb/ft, b /ft?
l = length, ft
L = lift, 1b
Nu,N, = Stiffness numbers, gs. (28) and (29)
n = harmonic number
P = pressure, lb/{t?
q = dynamic pressure, lb/ft?
R, Ry = Stiffness numbers, Fq. (28)
w = wing area, ft?
1,4l = membrane tension, lb/ft
T,7,,AT = trailing-edge tension, Ib
U0,z = membrane displacements in z, vy, and vertical
directions, ft.
T4,T Az, = trailing-edge chordwise deflections, (Fig. 4a)
2o = nondimensional sail deflection at mid-semispan, ft
2 = trailing-edge vertical deflection, ft
as = sail effective angle of attack, rad
ar = angle of attack due to trailing edge, rad
ae = angle of attack due to camber, rad
B = trailing-edge design shape parameter, rad
v = membrane parameter, Eq. (32)
) = induced drag factor
3, = {railing-edge parameter, gb/8 (Fig. 4a)
€ = membrane strain
é = slackness ratio
£ = nondimensional membrane deflection, z/c
& = nondimensional chordwise and spanwise coordinates,
z/e, y/b/2
o = membrane induced tension, lb/ft
" = aerodynamic parameter, Lq. (49)
Superscripts
(=) = nondimensional variable
Q) = differentiation
Subscripts
z = chordwise
Y = spanwise
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0 = initial

11 = first harmonic of double Fourier series
s = sail

w = trailing wire

1. Introduction

VI‘HE sailwing is a unique type of semiflexible, foldable
wing which has been under development at Princeton
University since 1948.1 The purpose of this paper is to
describe its aerodynamic features and present the results of a
recent research investigation of the sailwing.? To acquaint
the reader with the fundamentals of the sailwing configura-
tion, a schematic picture is given in Fig. 1. A leading-edge
spar with attached ribs forms an ideally rigid framework which
supports a trailing-edge tension cable. A membrane (usually
dacron) is wrapped around the leading edge and attached to
the trailing-edge, forming the upper and lower sail surfaces.
The shape of the pre-tensioned trailing-edge member is
designed to impart a chordwise tension in the membrane to
minimize deflections due to aerodynamic loads. In addition
to the high aspect ratio planform, this results in a wing with
excellent maximum lift-drag ratios. The practical potential
of the sailwing has spurred experimental and analytical
research in many areas,! 8 including aerodynamics, longi-
tudinal stability and lateral control. Possible applications
such as auxiliary wings for air cushion vehicles, towed cargo
gliders, foldable light aircraft, rocket booster recovery aids,
lifting body re-entry vehicles, and compound helicopters
have been studied.

Aerodynamic Features

In contrast with most flexible wings, the aerodynamic
features of the sailwing are substantially similar to con-
ventional rigid wings. A typical lift coefficient vs angle-of-
attack curve for a sailwing at constant dynamic pressure is
illustrated in Fig. 2. A comparable rigid wing curve is shown
by the dotted line. In comparison, the sailwing exhibits a
higher slope which is attributable to the rate of change of
camber (membrane deflection) with angle of attack. The
pronounced nonlinearity results from induced tension in the
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Fig. 2 Typical sailwing aerodynamic characteristies.

membrane which increases its resistance to deflection as
angle of attack increases.

With this simplified explanation, it is apparent that the
details of sailwing aerodynamics are intimately related to a
variety of parameters, such as angle of attack, dynamiec
pressure, sail and trailing-edge pretension, and the elastic
properties of these components.

It might be expected that the spanwise variation of twist,
resulting from vertical deflection of the trailing-edge (note
deflections of the wing frame are not considered) and camber
would significantly alter the spanwise lift distribution and
hence, increase the induced drag of the sailwing. Although
this is a legitimate fundamental question, experimental
measurements show no significant reduction in maximum
lift-drag ratio. TFigure 3 is intended to illustrate this point
and especially to contrast sailwing performance with other
types of flexible wings. This plot compares experimental
data with the performance of a nominal rigid wing. The
sailwing is seen to be substantially comparable to the rigid
wing, whereas other types®™ are compromised by the
effects of deformation. It can be seen that as the degree of
flexibility is increased, the effects of deformation are more
severe, and in addition, the maximum practical aspect ratios
are reduced.

An area of special concern with the sailwing is aeroelastic
instability of the sail surface. In contrast with most flexible
wings which rely on a positive lift load to maintain a stable
deflection of the lifting surface, the sailwing also gains
stability from the internal membrane tension produced
by the trailing-edge cable. This allows the sailwing to
operate through conditions of positive and negative lift
unlike non-pre-tensioned flexible wings. In certain cases
however, at high dynamic pressure or low pre-tension,
the sailwing is subject to membrane instabilities near the
point of zero lift. Because of the strong influence of the
nonlinear effects under these conditions, the instabilities are
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Fig.3 Comparison of maximum lift-drag ratios of various
types of flexible wings with a nominal rigid wing.
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manifest in the form of hysteresis loops in the lift curve in
the neighborhood of zero Iift.

Scope of Study

The increasing interest in applications of the sailwing
previously mentioned underscores the need for rational
analytical methods to understand and predict aerodynamic
and aeroelastic properties. The theory begins in section 2
with a structural analysis of the sailwing, with particular
emphasis placed on the nonlinear aspeets. In section 3,
the three-dimensional aerodynamic characteristics deter-
mined from Prandtl lifting-line theory are discussed. The
mutual coupling between the aerodynamic loads and the
sail structural deflections is developed in section 4. In
addition, the conditions for aeroelastic divergence, and the
relations for the nonlinear lift curve are presented. Some
experimental measurements are presented in section 5.
Since certain analytical results could be seen to have a direct
bearing on applications of the sailwing to flight vehicles, a
brief discussion of their ramifications is given in section 6,
and conelusions are given in section 7.

2. Structural Analysis
Sail Membrane

This portion of the analysis considers the elastic deflections
and induced tensions of the sail and trailing-edge members
which support the sailwing airload. Figure 4a illustrates the
coordinate systems and geometry of an idealized rectangular
sallwing with a single sail surface. The sail deflection is
given by z(z,y), whereas the trailing-edge vertical and
chordwise deflections are given by z.(y) and z.(y), respectively.
For the idealized sailwing considered here, spar and tip rib
deflections are not considered. Note that the trailing-edge
design shape is produced by a balance of the trailing-edge
pre-tension and chordwise membrane pre-tension at zero
lift. It is characterized by the geometric parameter B,
which will be defined below.

The membrane deflection equation is

1:(0%/02%) + 1,(0%/0y*) = —P(zy) M®

where the airload distribution is P(z,y) and i, and ¢, are the
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cherdwise and spanwise tensions in the membrane. A term
due to shear stress, 27.,(0%/0zQy), is here neglected for
stmplicity, which is permissible because . and 7, contain
significant pre-tension contributions. The associated chord-
wise and spanwise membrane strains, including the nonlinear
terms are next given:

Qu/dx + 1(0z/0z)% 2
/oy + 3(0z/0y)* 3)

The membrane tensions ¢, and ¢, consist of pre-tensions and
induced tensions resulting from deflection of the sail under
load:

i

€z

]

€y

bz = t:ca + Tz (4)
tv = tua + Ty (5)

For the present study we will assume that woven sail ma-
terials obey Hooke's law and that Poisson’s ratio u can be
taken to be zero. The induced tensions o, and o, are then
directly proportional to the sail elongations in the z and y
directions, respectively, where K, and K, are the associated
elastic constants:

Oy = I(:Alz (6)
oy, = K,Al, (7)
The elongations may be derived by integrating the equations

for strain and aeccounting for the displacement of the mem-
brane boundary Az, We then have

or = AB fo <g—z>2dx - A@J ®)

_ K, vz foz\?
o= (ay> 4y ©)

The induced tensions are functions of the membrane deflection
and thus, clearly illustrate the nonlinear mathematical
nature of the sailwing structural system. This is because
the partial derivatives of the deflections in Eq. (1) are
multiplied by the membrane tensions (¢. and ¢,), which them-
selves contain the deflections.

Trailing-Edge Transyerse Deflections

First consider the trailing-edge deflection z,, (design shape)
due to pre-tension at zero lift:

T, = 28/b)y(b/2 — y), B = bl../4T, (10)

For lifting conditions, the trailing edge chordwise position is
given by

Z = &, + Az, (11)

The trailing-edge loading is the reaction to the horizontal

component of the sail membrane chordwise tension. For
small deflections, the deflection equation for a loaded cable is

2 = —(tey + 0.)/T, T = T, + AT (12)
where T, is the pre-tension and AT the induced tension of the
trailing-edge cable. Combining Eqgs. (10-12), we have the
differential equation for the increment of trailing-edge de-
flection due to the airload:

Az = [, AT/To — o)1/ T (13)

Rather than develop the analogous equation for the vertical
deflection of the trailing edge, we will resort to a useful
approximation for simplicity:

2(y) = 2l(c — x)y) (14)

This equation states that the vertical deflection of the trailing
edge is equal to the sail deflection at the locus of points de-
seribed by the chordwise position of the trailing edge z,.
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Trailing-Edge Elongation

A significant effect of the trailing-edge transverse deflection
is the associated elongation Al. The resulting tension is
referred to as the trailing-edge induced tension:

Al =] —1, (15)

K. is the elastic constant and [, is the length at zero lift,
resulting from the trailing-edge design shape, Fq. (10),

b/2

L= [0+ @y (16)
The length under load is
/2

b= [0 @+ ey a7)

Combining these equations,
K. (w2 , .
AT = 55 [ (80 4 2802, 4+ )Ny (8)

Solution for the Induced Tensions

The aforementioned equations are first nondimensionalized
in the following way. Sail- and trailing-edge deflections are
divided by the chord z/¢ = {, z./¢c = &, 2./c = 2., the chord-
wise coordinate is £ = /¢, the spanwise coordinate is 5 =
y/b/2. Tensions are divided by their respective pre-tensions;
te/tey = t-'r) ly/ty, = Zy: T/T, =_T: 0o/ley = Ty Oyl by, = Ty,
AT/T, = AT, and lift by T, L = L/T.. P(, %) refers to
the normalized pressure distribution P = P/L. The
complete set of equations then becomes

s = are 3 [ (%Yar — az] fav. a0
ay(§) = [fol <g%>2dn]/26f1[33/2]€52\75 (20)

1. (9% /Q8Y) + (4R./ARDL/on* = —(P(¢m)/48)L (21)
2= {1 — Z¢m) 22)
Az,” = ARBIAT — 5.(n) /T (23)

ar = [ [ s + 20002, + (é»’)?]dn]/
N.ARY  (24)

The associated auxiliary equations are ineluded next. It
will be noted that in Eqs. (25) and (26) the induced tensions
have been replaced, for simplicity, by spanwise and chord-
wise average values: '

[, =14 AL, A, = j; Y s (n)dy 25)
R Y VRl NN GEE 26)
T =1+ AT @n

These equations represent a coupled nonlinear system which
approximates the sailwing structure. Neglecting for the
moment the unknown airload distribution P(£%) and
magnitude I, the six primary unknowns are the induced
tensions Af,, Af,, AT and the deflections {(&7), 2z, AZ,
appearing in the six Eqgs. (19-24).

Certain terms appearing in these equations, called Stiff-
ness numbers, are nondimensional parameters incorporating
the pre-tension and elastic constants of the sailwing:

Ry = ty/ley, Ri = Ku/K.812 N, = To/K. 8,2 (28)
N, = RN, K, = ARVK,/2 = K,/ARY  (20)

It is the nature of the differential Eq. (21) for the mem-
brane that the deflection shape [ (&,7) is relatively insensitive
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Fig. 5 Spanwise and trailing-edge induced tensions and
the aerodynamic parameter ¢ /¢,.

to the distribution of loading P(£,%). Considerable sim-
plification can be achieved by approximating the loading
by the first term of the Fourier series of a uniform loading and
effectively uncoupling the struetural problem from the three-
dimensional aerodynamic loading equations. Examination
of Eqs. (19-27) shows that with the membrane loading and
hence, its deflection known, the induced tension and trailing-
edge deflection can then be evaluated. Use of a single
harmonic term for the loading, and hence, the deflection,
insures that the nonlinear portions of the induced equations
will be tractable. Proceeding then,

P(¢n) = Py, sinry sinmé (30)
and using Eq. (21), the membrane deflection is
Culén) = 2, sinry sinwé (31)
2 = GL/ABTL( + v, G = ¢, Py (32)
¥? = (4R./ARDL/E, 33)

Py, is given by the formulas for the coefficients of the terms in
a Fourier series, and ¢, is a weighting factor that corrects the
error in magnitude of the membrane deflection, resulting
from using ounly the first harmonic representation of a uni-
form loading. In Eq. (32), the lift L is not as yet specified,
but remains arbitrary. Equation (31) may now be used to
evaluate the induced tensions Af., Af,, and AT. The steps
of this procedure are given in Ref. 2 and will not be detailed

here. The result is
Al, = QmN2T32/BART)2,2 + AT (34)
Al, = m%,2/8B8ARYR,N, (35)

228,202

w28,
NoARP + (4623,“/11}3)](1 + 4) (36)

These three simultaneous nonlinear algebraic equations for
the membrane chordwise and spanwisc induced tension and
the trailing-edge induced tension are easily solved by itera-
tion. Typical results are given in Fig. 5. The low values
for trailing-edge and chordwise membrane induced tensions
in contrast to the spanwise directign, reflect the load relief
provided by chordwise movement of the trailing-edge cable.
The Stiffness numbers play a prominent role in determining
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the induced tensions and directly reflect the influence of
changes in elastic constants and pre-tensions.

The significance of the sailwing structural properties has
been discussed earlier in relation to the nonlinear aero-
dynamic behavior. The following analyses will ineorporate
these structural equations in the derivation of the aero-
dynamic theory. The induced tensions are also important
for considerations of sailwing structural design, which will be
discugsed in section 6.

3. Aerodynamic Analysis
Spanwise Camber and Twist

The previous analysis now permits calculation of the
effective camber and aerodynamic twist as a result of the sail
and trailing-edge deflection. The forward motion of the
trailing edge (Fig. 4b) and the elongation of the sail membrane
effectively slacken the sail. This slack manifests itself
as curvature of the surface, forming a cambered airfoil
section.

The two-dimensional thin airfoil theory applicable to this
problem has been developed independently by Thwaites
and Nielsen.'” Nielsen gives a relation for the lift, coefficient
associated with eamber or slackness:

¢ = 7.2882 — 1.69a8 (37)
where « is angle of attack and & the slackness ratio,
é=(U—2¢/c (38)

The length of the membrane is [, and the distance between the
leading-and trailing-edge attachment points is the chord e.
Slackness thus refers to the excess membrane material that is
available for curvature or camber. For the present purpose,
Eq. (37) can be simplified with little loss in accuracy;

¢, = 7.28&2 (39)
Now, including the lift due to angle of attack,
6 = 2r (K& + ), K, = 7.28/2r (40)
For the present case, the slackness ratio is
E=[(c+ AL) = (c — Az)l/e = AL + Az, (41)
From Eqs. (6) and (12), the slackness ratio becomes
e= 3 [(%) e (12)

The vertical deflection of the trailing edge 2; produces a local
aerodynamic twist in the wing @r. The small angle approx-
imation is

ar = ’—Zt/c =

—Z (43)

The camber and twist combine as an effective sail angle of
attack;

o = o + arp, (ae = Keéllz) (44)

Equations (42) and (43) can be evaluated (see Ref. 2 for
details) knowing the deflections of the sail and trailing edge
derived in section 2;

a, = w2 |K/2 — 28,/ — m22,%/8] sinmy (45)

An important feature of Eq. (45) is that it shows sail and
trailing-edge deflections produce a sinusoidal spanwise
distribution in effective aerodynamic angle of attack. The
magnitude is to the first order proportional to the sail de-
flection z,. For convenience, the magnitude portion of
Eq. (26) is defined by a new variable;

(46)

The parameter &, will be referred to as the sail angle of attack

o, = o sinmy
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and becomes, after substituting Eq. (32) for z,,
& = GL(K/2 — 28,/7 — 7%,%/8)/48rl.(1 + v?) (47)

As this equation indicates, the value of lift L remains ar-
bitrary, but we may still proceed to investigate the effect of
the sinusoidal angle-of-attack distribution.

Spanwise Aerodynamic Loading

The influence of the spanwise variation of the effective sail
angle of attack «, on the lift coeflicient, spanwise loading, and
induced drag has been determined using Prandtl lifting-line
theory. The ratio @&/« is sufficient to completely specify
these properties. For instance, the lift coeflicient is

Cr=Cra+ Cryt (48)

The effect of sail cambering is embodied in the term Cr,
and Cr is the usual rigid wing term. An interesting result
of lifting-line theory confirms the experimental evidence
presented earlier regarding sailwing aerodynamic efficiency.
The induced drag factor § is presented in Fig. 6. We see
that for rectangular planforms, reasonable sail deflections
(0 < &/a < 1) actually reduce the induced drag compared
to a rigid wing (&/a = 0). However, for excessively large
sail deflections, a large drag penalty will be incurred.

4. Combined Structural and
Aerodynamic Analysis

Up to this point, we have developed expressions for the
deflections and induced tensions of the sailwing for arbitrary
values of L, the nondimensional lift. These results have been
incorporated in the aerodynamic analysis to develop the
parameter &, which in turn is a function of L. The following
analysis will remove the necessity for arbitrary specification
of L. TFirst, we define the parameter ¥ by the equation

G = Ly L = LT, = Cu/Cr, (49)
Equations (47) and (49) yield
Y= G(K/2 — 26,/7 — w%,Y/8)/408rL.(1 + v (50)

Noting that for L = 0, we can define ¢, = Y(L = 0) and
obtain

U/ = (/LA + v3/0 + )11 —
[r%2,2/4(wK. — 48,)]} (BL)

This parameter can be seen to be dependent on L only, as
the induced tensions are also functions of L. In fact, a
representative example of Eq. (51) is plotted in Fig. 5 with
the induced tension results. Continuing, Eq. (48) can be
written

Cr = CLQO( -+ CL&SI,’/U(CL/CTO) /) (52)

This result relates the sailwing acrodynamics (represented
by (1) to the structural properties (represented by ¥/v,)
as desired. An appreciation of the linear and nonlinear
contributors to the Cr vs « curve of the sailwing is also
afforded by this equation. For constant ¢(Cy, constant),
the C Las‘l/o C1/Cr, portion represents the linear contribution
of sail deflection, whereas the /¢, factor represents the
nonlinear contribution. Since ¢/y, is determined by the
Stiffness number values, it can be said that the nonlinearity
of the sailwing lift curve is due entirely to the elastic prop-
erties. i

Aeroelastic Divergence

The problem of sail instability mentioned earlier is one of
aeroelastic ‘divergence and will be investigated with Eq.
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Fig. 6 Sailwing drag fraction in excess of the minimum
induced drag for an elliptical lift distribution.

(52). 'This condition exists when the internal membrane
tensions resisting sail cambering are overcome by opposing
aerodynamic lift associated with this camber. Since the
membrane tensions are nonlinear, the mathematical def-
inition of divergence will be restricted to the limiting case of
zero lift. Divergence will be defined as the point where the
rate of change of lift cocfficient with the angle of attack for
constant dynamic pressure becomes infinite. Eq. (52) is
first differentiated with respect to « (for constant ¢).
The initial lift curve slope (Cr = 0, ¢/y, = 1) becomes

(22 2
oa /,

= — 53
T = (Ch /O (53)
The divergence tension coefficient (Cy, = Cr, Z) is obtained

from the condition when the initial lift curve slope is infinite;

CToi =Cr ¢, (54)
and
Cre K. 25
= s | TIE ° 2 A R2
Cr, = el + m[ 2 ] v AR5

Equation (55) shows that the divergence tension coefficient
depends primarily on aspect ratio (via C I‘&s) and the trailing-
edge shape parameter 8. High aspect ratios and trailing-
edge shapes of small curvature are most prone to divergence.
Only one Stiffness number R, is contained in Eq. (55), and it
is independent of the elastic parameters K, and K.. There-
fore, the divergence properties of the sailwing are not in-
fluenced by the sail and trailing-edge elastic properties.
Finally, since neither T, or ¢ can ndependently speeify
Cr,, a “‘divergence speed” is only uniquely determined by a
particular pre-tension T,.

It should be stressed that the previously mentioned results
were obtained by holding dynamic pressure constant during
differentiation. If this condition is relaxed, and a constant
lift L constraint substituted in its place, the nature of the
lift curve slope equation is significantly altered. For a
flight vehicle, the constant lift condition corresponds to
steady level flight and is therefore of primary interest. We
immediately obtain a new result by differentiating Eq. (52)
again:

(Cr/da); = (1, (56)

Now the lift curve slope for constant lift conditions becomes
identical to that of the corresponding rigid wing, and it can
be concluded that the static stability and control of sailwing
equipped aireraft will differ little from conventional types.

Nonlinear Lift Curve

The final goal of this analysis is an equation for the non-
linear Cp vs « lift curve of the sailwing. This can be ac-
complished by substituting Eq. (54) in Eq. (562) and solving
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for a:
a = (Cu/Co)ll = W/¥o/Cr/Cr )] (D)

Figure 7 illustrates this equation for several dynamic pres-
sures. For low speeds (or high pre-tension) Cr, > Cr,, the
lift curve is similar to the rigid wing case, and the nonlinearity
is small.  ¥or Cy, = Cr,,, the initial slope is infinite, but the
nonlinear effect (¥/v¥.), caused by the growing induced
tensions stiffening the sail, tends to stabilize the lift curve.
At even higher dynamic pressures, the nonlinear effects are
predominant. At high angles of attack, the lift curve is
stable, but near zero lift the multiple valued lift curves would
produce hysteresis loops.

5. Experimental Results

To provide a basis for judging the validity of the afore-
mentioned analysis, a few experimental results will now be
discussed. A small (3.33 ft) wind-tunnel model was specially
designed and tested for this purpose. A symmetrical
airfoil section was formed by a cylindrical leading-edge spar
and a doubly wrapped sail surface. Internal tensions were
measured by strain gage instrumentation, and external static
pressure surveys were used to determine the span lift dis-
tribution. A photograph of the model being tested in the
wind tunnel is given in Fig. 8. The deformation of the

Fig. 8 Experimental wind-tunnel model, g = 10.4 PSF,
Cr = 0.888.
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upper-wing surface is apparent and indicates the typical
sailwing results obtained with this model. Complete results
are reported in Ref. 2.

The first example in Fig. 9 presents measured nduced
tensions in the sail and the trailing edge for several dynamie
pressures. At each g, the angle of attack was used to vary the
model lift. Note that the experimental results are sub-
stantially independent of ¢ as predicted by the theory. It
should be pointed out that a modified form of Eq. (36) for
AT has been used, which gives better correlation with experi-
mental results. The modification involves eliminating the
smaller contributor to the trailing-edge tension [(1/4)w2§,]
due to the vertical deflection z;. The nonlinear variation of
the induced tensions is well evidenced by the experimental
results, which is in agreement with the theory. For low values
of ¢ which correspond to small lift values, the induced ten-
sions are nearly linear with L% As lift increases, the non-
linearity becomes increasingly apparent.

Figure 10a illustrates the correlation of aeroelastic diver-
gence calculations. The theoretical variation with Stiffness
number R, (ratio of spanwise to chordwise pre-tension, ¢,,/t.,)
results from the fact that for a given chordwise pre-tension
tz,, Increasing spanwise pre-tension further stiffens the sail
and reduces Cr, by making it more resistant to aerodynamic
forces. The experimental values were obtained by extrapo-
lating the measured data and generally confirm the theoretical
results. Their somewhat lower values are probably caused
by the low Reynolds numbers degrading the ideal potential
theory aerodynamic effectiveness of camber and angle of
attack. The effects of boundary-layer separation would
tend to reduce the values of Cr, and K. used in Eq. (55)
for ¢ T,

Figure 10b illustrates a typical sailwing characteristic, the
high lift curve slope under constant ¢ conditions. The
experimental values were determined directly from the
slope at the origin of €'z vs a plots. - The dynamic pressure
variation for a given pre-tension yielded the Cgr, variation,
and the divergence values were the experimentally determined
ones shown in Fig. 10a. The rapid approach to divergence is
illustrated graphically by this figure as C'r,/Cr, nearsa value
of 1.0. The correlation of results with theory is generally
satisfactory except in the region Cro/Cr,, = 2. Tt is sus-
pected that the single harmonic loading assumption on
which the membrane deflection theory is based, is the pri-
mary reason for this discrepancy.

A brief examination of the spanwise lift distribution is
afforded by Fig. 11. The results of lifting line theory
clearly show the increase in lift near the midsemispan result-
ing from the deformation of the sail surface. The experi-
mental values were obtained by integrating chordwise

pressure distributions, and also confirm the effects of the sail
deformation.
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Fig. 9 Comparison of experimentally measured sail
spanwise and trailing-edge induced tensions with theory.
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6. Some Design Considerations for
Sailwing Applications

The foregoing analysis and experimeptal results were
intended to provide insight into some important chargc-
teristics of the sailwing. The purpose of the following
discussion is to examine one consequence of this analysis
having significant ramifications regarding the struc.tgml
design of practical saitwings. The importance of the trailing-
edge pre-tension and induced tensions for St.ructural deggn
of the sailwing will be demonstrated with a 51_mple equation.
Assuming the desirability of operating at.' all times above ‘.uhe
divergence tension coefficient, the trailing-edge pre-tension
must be equal or greater than

Tu = CITL7 Qmaxsw (58)
For steady level flight at minimum speed
I/V = CLmQXQminSw <59)
Combining these equations yields
,TD/I/I/T = (Qmax/Qmin)OTO/CL",“ (60)

Therefore, at the stall speed, for a typical value of the ratio
Cy /Cr,.. = 0.5, the trailing-edge pre-tension will be equal
%4

to one-half the weight of the aireraft. Its magnitude can be
seen to increase with the square of the maximum velocity.
Therefore, the structural design problems of the sailwing for
moderate speed applications may be difficult. However,
two factors are present which have a large effect on this
conclusion. Unlike conventional rigid wings, it may be
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Fig. 10 Experimental comparisons for several
combinations of sail material and trailing-edge
pre-tension.
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Fig. 11 Comparison of experimental span lift distribution
with theory.

feasible to operate the nonlinear sailwing within the diver-
gence condition. As depicted in Fig. 8, low angles of attack
would have to be avoided. Under these conditions, the sail-
wing would rely on lift to provide sail stability, much the same
as non-pre-tensioned semirigid flexible wings (i.e., the para-
wing), and still retain its excellent lift-drag ratio.

Another possibility for reducing the pre-tension require-
ment is to modify the structure. A trailing-edge bridle
system, or a midsemispan rib are two approaches. Another
would be to increase the spar chordwise depth, reducing the
percentage chord comprising the sail and thus, reducing
Cr, by virtue of decreased aerodynamic effectiveness.

7. Conclusions

The principal results of this analysis will be summarized
at this point:

1) Lifting-line theory substantiates the high sailwing
maximum lift-drag ratios which have been observed experi-
mentally.

2) The nonlinear behavior of the sailwing is due to the
elastic properties of the sail- and trailing-edge member,

3) The aeroelastic divergence coefficient is independent of
elastic properties, and is only related to geometric factors
and the sail pre-tension ratio.

4) Two conditions are identified which yicld widely
differing values for lift curve slope, the constant lift and
constant ¢ cases.

5) The nonlinear lift curves show that operation beyond
divergence is possible, but also that hysteresis loops in the
lift curve may exist.
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Transonic Airfoil Design

M. 8. Capx* anp J. R. Garciat
Northrop Corporation, Hawthorne, Calif.

A method recently developed by Northrop consists of a computer program which will deter~
mine an airfoil shape from predeterimined supercritical velocity distributions having extensive
regions of supersonic flow. The velocity is given vs the distance around the airfoil. This
allows a designer to design to a given lift by specifying the required circulation. Also, bound-
ary-layer problems can be avoided by restricting adverse velocity gradients. Starting with a
given compressible pressure or velocity distribution with mixed subsonic and supersonic re-
gions, an airfoil shape can be determined. This is done by making a transformation that
causes the streamline and potential line network to give an equivalent incompressible flow.
This incompressible problem is then solved by ecomplex function theory, and the solution is
transformed back to the compressible plane. A computer program using this method has
been applied to several shapes with known solutions. Agreement between calculated shapes
and actual shapes was excellent. A 4.6% airfoil was designed from a prescribed velocity dis-
tribution and tested in the wind tunne} at transonic speeds. Good agreement was obtained
between theoretical and experimental results. Transonic airfoils can be designed by this

method.
Nomenclature ¢ = velocity pofential
¢ = stream funection
a* = speed of sound at Mach one
Cr = lift coefficient Subscripts
Cy = pitching moment qoefﬁcient ¢ = compressible
Cp = pressure coefficient — incompressible
I'm = Imaginary part o
M = Mach number
n = distance normal to streamline .
Re = real part Introduction
‘%; - %zﬁlgg&}&?fg streamline F airc’,x‘af’@ flight speed a_pproach(‘ss the spféed of sound, ’Fhe air
V. = freestream velocity ‘_ ﬂ(m.flng around the all‘(;raft will be mixed supersonic and
Z, = complex coordinate in compressible plane subsonic flow. The eq‘x}atlonS for caleulating t}}e. flow ‘and 1ts
Z; = complex coordinate in incompressible plane resultant effects on the forces on a body are radically different
a = local flow angle in airfoil plane for supersonic and subsonic speeds. When a flow problem
er = trailing-edge angle consists of a mixture of both types of flow, the resulting
¢ = complex c.oordinate in circle plane problems becornes very difficult. As a result, scientists and
6 = angle in circle plane engineers concerned with the development of modern aircraft
b= ff;gs;lg;ion density rely heavily on empirical techniques and wind-tunnel test
po = 8 Ly

* Manager, Applied Aerodynamics and Performance, Aircraft
Division. Member ATAA.
t-Research Aerodynamicist, Aireraft Division.

results.

The state-of-the-art today is rapidly progressing. Several
vears ago Pearcey! at the National Physics Laboratory. in
England noticed that some wings being tested in the wind
tunnel exhibited at certain conditions the property of indue-



