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ABSTRACT

An alternative to the conventional rigid wing was .
explored to see if any advantage might be obtained by
utilizing slotted airfoil sails for wings and a
complete shift in emphasis towards a 1lighter vehicle
at the expense of drag penalties. Optimunm
combinations of size and structural parameters were
sought through extensive computer analysis. Various
tradeoff considerations for further improving aircraft
performance were considered. Predictions of optimunm
structural parameters were obtained with aircraft
power requirements and the optimum flight velocity.
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LIST OF SYMBOL% AND ABBREVIATIONS
A constant of integration, collection of terms
o angle of inclination
AR aspect ratio
b wing span
B constant of integration
B, collection of terms

i
B collection of terms

Z wing chord, column end conditions
Cd drag coefficient

Cdi induced drag coefficient
Cdo parasite drag coefficient

cj jib sail chord

Cllift coefficient

Clw wing lift coefficient

Clt tail lift coefficient

cm main sail chord

co root chord

Cp parasite drag coefficient
d midspan sail deflection

e Oswald's efficiency factor
E modulus of elasticity

parasite drag area
GW aircraft gross weight
h spreader distance
h/b height above ground/wingspan
I moment of inertia
K reduction of induced drag due to ground effect

K, deflaction constant of proportionality

d

Kt tail area constant of proportionality

Lw distance from center of gravity to lifting force of wing
P power, pressure




P power including ground effects
Pi inner compressive load

Po outer compressive load

A critical compressive load for column buckling
& interpolating polynomial
q dynamic pressure

inverse of slenderness ratio

1 outer restraining stay

P
P
Q
R radius of curvature
R
R2 inner restraining stay
r

. outer spar radius

ri inner spar radius

S sail area
SF safety factor
St tail area
Sw wing area

(078 circumferential stress

g, sail weight per unit area
T tension from force of sail
t spar thickness

TL tail lifting force

Tj jib sail tension

Tm main sail tension

v velocity

W weight of aircraft

Wb body weight
wi inner spar weight

wo outer spar weight

WL wing lifting force

WL' wing lifting force minus sail weight

ratio of outer to inner wing spar radii

X

y distance along spar

z deflection above span
Z

s lenderness ratio
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For centuries man has dreamed of the freedom of flight
under his own power. The prospect has received much
attention and effort throughout the history of mankind. Yet
since the time that Icarus spread his wings above the shores
of Crete, such endeavors have had little more success than
that of the Athenian. This century, however, has seen the
development and refinement of 1lighter,stiffer materials
coupled with an increased and quantified understanding of
aerodynamics. This combination of increased awareness and
ability to solve the problem resulted in a string of
marginally successful man-powered aircraft. One common
characteristic of these machines was a rigid wing of one
form or another. The possibility exists that other wing
lesigns more suitable to the low-speed-flight regime and
stringent weight requirements of man-powered flight might be
feasible.

While man has been dreaming of flight for centuries, he
has been simultaneously plying the oceans of the world under
the pover of sail-driven vessels. Sails provided the means
to drive ships, generally in winds of moderate force and
speed. Sails have also been used successfully for centuries
on high-powered windmills. Modern sails are both strong and
quite light. Could the technology of wmodern sails and
modern lightweight materials provide a lighter flexible wing
than current rigid designs? A Jjibsail and mainsail
combination rotated to the horizontal provides a
configuration resembling a slotted airfoil. Could this
combination produce sufficient 1ift and tolerable drag at
acceptable power levels to produce a viable alternative to a
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rigid wing? 1Is there a difference in rigid wing performance
and sail performance in this 1low-speed regime? These
intriguing questions were the subject of extensive

consideration.

A. HUMAN ELEMENT

1. Power Versus Endurance

e i v ——

Foremost in the consideration of man-powered
aircraft is the human being's ability to supply only a
finite amount of power. This power must be used to support
the weight of the pilot and his craft as well as to propel
it through the air. References 6 and 8 showed man's power
output ability as a function of exertion time (Figure 1). It
clearly dictates the power for which a craft wmust be
designed to operate for any specified flight time.
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Figure 1 -POWER VSe LOG TIME
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2. Kremer Competition

In order to establisan specific goals for the
performance of a man- powered aircraft, the requirements seot
forth by Kremer, a British industrialist. They are quoted
in part from Ref. 8.

A prize of L10,000 will be awarded to _an entrant from
any part of the world Hho first fulfills the condltlons.

The course shall be a ure of eight emb rac1ng two
turning cints which all not be less than 1/ mile
apart. It must be ensured that £ the machine in
continuous flight over the entire course and nust be
flown clear of and outside each turning point. Ground

clearance will be minimum of 10 feet at start and_also
at the finish, both to which are the same point _halfwa
between the turnxng points. Between start and finis
the ground clearance is unrestricted.
Based on the Kremer requirements and the limitations
of Pigure 1 a designed flight requirement of e3-.4

horsepower was selected. The craft had to be maneuverable
)
enough to negotiate turns in excess of 180 and operate, at

least briefly, at or above ten feet ground clearance.
Aircraft design proceeded with these objectives and
limitations in mingd.

The first derivative of an equation set equal to
zero enables one to obtain an expression for certain
optimums within that equation. In this instance the
derivative of the power equation was taken with respect to
velocity and set to zero. Prom this an expression for the
optimum velocity was obtained and when this was reintroduced
into the pover equation an optimum power with respect to
velocity was obtained. This was done as a first step in
searching for the most desireable flight regime and best
obtainable power requirements. The development below
develops expressions for the optimum velocity and the power

oo B
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required at the optimum velocity. In the development the
lift developed by an aircraft was assumed to just equal its
weight.

e € «C} P=power to propel aircraft
TARe Wa fpV”C"S

2 » b | o SVP - 2w*
P=QV C SV/2 =.5QSV [C, +Cl / ARe] = % f %t SVSRe

minimum power occurs at 4p/dv=0 or:

2 2 2 2 2 2 3
3vC =Wwvw STrARe 2 therefore: P=Qv S4C_ /2
LA (Pv /2) ] Qv suc,

2
.SQV =u/sﬁc (;JTARe P=QSdeoW/S“3Cd2"ARe

The first erivative was solved and an expression for
velocity was substituted back into the original power
equation which was subsequently regrouped.

; .28
= |R2R/pS/ (3C AR P 4C W ” 2W 1
v /Q /( do e) = g A
3c_TraRe Ips (3¢ ARe) ;
do do
- .28 _2s 2
a‘\z c W AR=b /S
E’r = do
" .78 AR.?S
(IWe)
.S .28 1,5 .S .S
8(2/0) " (£) T (W/bd) _2/p)" (#/D)
Foor.= T Vor = =X .28 28
(3Te) (3Te) (£)

optimum power and velocity terams
Terms of significance in both equations included the
parasite area "f" (where f=S times Cd ) and wing-1lift per
o

unit span (WL/Db). In both equations the parasite area

appeared to be fairly insensitive to change and therefore
not the subject of concern. Its effect was examined in
computer analysis and receives attention subsequently. The
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term WL/b was seen to more significantly affect the
power-required equation, Therefore the search for the
configuration with the least power became a search for the
airplane with the lowest WL/b. The most desirable locale
for the demonstration is at sea-level and therefore the air
density was treated as a constant. Oswvald's wing efficiency
factor (e) was the final variable to be examined for
obtaining optimum power.

4. @Glider Philosophy and Man-Powered Aircraft

All of the man-powered aircraft to date have put
obvious emphasis on 1low drag and streamlining even at an
obvious cost in weight. Any knowledgeable reader will
wvonder who is wrong, particularly when the best gliders are
the fast streamlined ones. To understand the comparison it
is necessary to first better understand the glider problem:

. S
/ k.
£
/ |©
% |
5““ e JETVION Tl
\
V
Yw

Figure 2. GLIDER VECTOR ANALYSIS
Because of the balance of forces and the above
geometry it can be seen that the glide slope or angle is
equal to Drag/Lift. A glider pilot simply vants to stretch
his glide as far as he can and consequently wants the
flattest angle possible.

n
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Tying this to the algebraic in simplest concept:

2 2
D .5¢v |C +C_ /WAR|S
-= a 1

L .SQV ClS

In this equation Cd (parasite drag coefficient) may

be considered to be constant but Cl and V both vary vhen the
pilot tries to fly at different air speeds. They are

related since L=H=.§pv Cls and this is used to eliminate C1

and retain only V in the equation.

2
~22.5__333(010 -+ AR, S))

2
.Sgy scd + ®

W ‘ﬂm.s v s

This can be minimized by setting the first derivative of

(D/L) equal to zero

or in

gvscd - 2w 0
—

3
W TAR.5 v S

2 2
.SQV SCd°=H/ﬂ1R.5Qv S

words, the best glide angle is at the velocity which

makes the induced drag equal to the parasite drag. If the

glider
up more
results

weight
angle:

pilot flies faster than this the parasite drag goes
than the induced drag is reduced. Slower flight
in the reverse.

Intere§tingly enough, if the glider pilot adds
to his airplane he can still fly at the same glide

D/L=Cd/Cl=(Cd +Cl /"M /Cl’Cdo/CIOCII'WlRQ
o

12
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If the glider is flown at the same lift coefficient the same
glide angle will result. With the extra weight the craft
will fly a 1little faster to regain the same Jift
coefficient.

If the glider pilot were to improve his craft by
increasing the span then that would reduce the induced drag
term. Extra advantage of this can be taken by £flying a
little slowver than previously to also decrease parasite
drag.

Pairings may instead be added to improve the
airplane in order to reduce the parasite drag. The weight
of the fairings does not penalize the glider but the reduced
drag is of benefit. Purther benefit can be obtained by
flying a bit faster to reduce the induced drag. In summary
drag and aspect ratio are important but weight is not very
important.

Where is the man-powered airplane different? The
energy that a @man puts into sustaining flight is equal to
the airplane drag times-the velocity. Relating this to the
glider: pover=(D/L) times V times W. The D/L indicates
some of the characteristics of the glider but in addition
must consider the W and V teras. In the glider,additional
weight resulted in slightly faster flight to regain the same
D/L , but in this instance both W and V will increase for a
similar situation. On the other hand weight reductions mean
both W and V would decrease even with reducad velocity
sufficient to maintain the s ame glide angle. Apparently
this kind or argument has not been recognized by some of the
other conpetigibrs for the Kremer prize because they all
seem to be trying to design gliders with propellers. Weight
is sacrificed in order to reduce parasite drag. The
opposite is true of this analysis.

B. INITIAL AIRCRAFT DESIGN

13




1. Sail-Wing

Por reasons detailed in a subsequent section tae
following wing-spar and sail arrangements were selected
(Pigure 2). The semi-span of each wing-spar consisted of
two hollow cylinders of unequal radius but of equal length.
The inboard cylinder was fixed at the fuselage, stabilized
at its extremity by a wire stay, and joined to the outboard
cylinder in a pin-ended fashion. The outboard cylinder was
restrained at the wingtip by a second wire stay which joined
the fuselage coincidentally with the inner fuselage
restraining wire. Two vertical spreaders with stays were
positioned at mid-span so as to provide structural integrity
to the wing-spar segments. A third vertical spreader was
positioned on top of the fuselage to support the wing
structure under static conditions. The sail arrangement was
chosen to resemble a genoa jib which overlaps 50% of the
mainsail and a mainsail combination. When this combination
is rotated from the vertical (sailing orientation) to the
horizontal, one wing of a slotted airfoil is obtained. The
initial analysis considered a wing with a pointed wingtip
and subsequent analysis examined the trade-offs with a
finite chord tip.

2. [Puselage

The fuselage design consisted of a single hollow
tube referred to as the fuselage spar (Figure 4). The
propeller was placed at the forward extremity of the
fuselage with the man arbitrarily positioned ¢two feet
further aft. Shortly behind the propeller the leading edge
of the jibsail

14
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Pigure 3 - WING SPAR AND SAIL ARRANGEMENT
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Pigqure 4 ~ FUSELAGE CONPIGURATION AND BALANCE OF LIFTING
FORCES
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attached to the fuselage spar. A specified distance aft of
the man the wing-spar attached to the fuselage-spar.
Directly above the wing-spar junction with the fuselage the
static support spreader was located. Empennage positioning
was determined by aircraft weight and balance criteria. To
be as light as possible the size and thickness of these
members were obliged to be optimized consistent with
structural and safety limitations. These limitations,
however, were not the only constraining elements.

3. Limiting Pactors

Primary structural criteria for spar design were
bending and Euler buckling. Therefore for a given strength,
the spar grew 1lighter as the radiis was increased and
thickness reduced. However to prevent local crippling and
practical handling, a wminimum wall thickness of .030" was
chosen. Lift coefficient upper limits were not definitely
specified, but attempts were made to avoid exceeding values
of 1.5. Modern hang-glider wings have achieved Cl's greater
than 2.0 in tests and Cl-stall in the region of 1.6
according to Ref. 9. Therefore Cl=1.5 was determined to
leave sufficient margin for control, gusts, etc. Last and
most important, was the power-required for the designed
craft. The intention was to produce a prototype at least
capable of traversing Kremer's course and preferably able to
sustain flight for approximately twenty minutes in duration.
Consequently efforts vere directed at achieving
power-requirements in the .3-.4 horsepower region as
suggested by Figure 1. These criteria served as the
principal limiting values in the minimizations and trade-off
considerations that followed.

17
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II. THEORETICAL DEVELOPMENT

A. FUSELAGE

1. Weight Assusptions

In the hope that this design might be wutilized by
more - than the narrow spectrunm of light-wveight
"champion-athletes", the weight of the man vas assumed to be
180 pounds. Propeller and bicycle apparatus were each
assumed to be ten pounds. Empennage veights vere
considered to be approximately 20% of their respective wing
counterparts while the fuselage spar was initially assumed
to be about 24 pounds. The "body weight" breakdown for an
initial guess was selected at 240 pounds:

object weight
man 180
propeller 10
bicycle apparatus 10
empennage 16 .2 (wt Wt )
spars sail
fuselage spar 24
TOTAL 240

Pigure 5. BODY WEIGHT BREAKDOWN
2. Man apd Propeller Location

Three options were considered for the positioning of
the man and propeller. First, the conventional arrangement
vith the propeller at the extreme forward position and the
man somewhat further aft. Second,

18




the man in the forward region of the aircraft but the
propeller at the extreme aft position of the fuselage.
Third, the man in the forward region of the fuselage with
the propeller immediately to his rear. The second
configuration was abandoned due to the complexities of a
propeller amidst the empennage structure and also due to
anticipated weight penalties related to the extended drive
mechanism. Although attractive from a drag standpoint (i.e.
pilot forward of the slipstream) the third 'option was
discarded because of the pronounced center-of-gravity
effects and weight penalties of a man-first arrangement.
Also, the structural difficulties associated with a rotating
propeller on a bending beam were considerad undesireable.
The first option was chosen for several reasons. At the low
speeds anticipated for the flight regime drag was not
considered to be a significant factor. This was borne out
in mathematical analysis of the power equation and
subsequent experimental results. In addition, the man aft
of the propeller provided for a shorter fuselage due +to
center-of-gravity considerations. This meant a weight
reduction which in turn resulted in a power reduction. A
man close to the center-of-gravity also meant a reduction in
the bending stresses which enabled the employment of a
lighter fuselage spar (thinner and/or smaller in radius).
While unconventional arrangements of man and propeller were
intriguing, there appeared to be valid reasons for what is
considered as the "conventional" arrangement.

3. Empennage and Tail-Length Assuamptions

Por ease of calculations and flexibility the size
and weight of the empennage were considered to be 20% of
their respective wing counterparts. This wvas a good first
approximation for the optimization analysis which kept the
number of parameters manageable. Tail length consideratioas
were based on the illustration in Pigure 4.

A balance of force moments about the

19




center-of-gravity yieldei:

Cl gS (L )=Cl1l gS (L) ¢ 2. =€ 5 & Egn (1)
v ¥V W : T N . - v gtu
2 2 £
W=10v (C1 S -C1 S )=%pv Cl1l s (1-L Egn (2
-—R ( ¥ W t t)-—J{ W u( -—12 " -

2 2 L
t
For reasons described subsequently "L " vas assumed
v
equivalent to c /6 and ”Lt” vas assumed to be egquivalent to
o
1.5 times the wing~sail root chord. This was deemed

adequate to provide a sufficient tail volume for aircraft
stability.z Equation (2) then became:
H=1Qv S C1 1=-¢c /6
- U

-
2 1.5¢c
i o
# 1gr S C1 (1= 1 ) gS C1 (.89) Eqn (3)
= W o =" W W
2 6 (1.5)

Alternately, this means that the 1ift provided by the wing
(WL) must be 12.5% greater than the aircraft gross weight.

4. Raticnale for Tube-Spars

Hollow tubes were selected for both the fuselage and
the wing spars for several reasons. Three major structural
requirements were considered. They were: bending moments,
buckling, forces and torsion. Hollow tubes were rnot
considered inherently superior to other possible spar shapes
but in the fuselage spar it vas the prospect of torsion
between the propeller, wings and tail section that promptad
a hollow tube. In the wingspars torsion was a
consideration; however buckling loads were considered the
principal structural consideration here. Hollow tubes were
desireable for the streamlined effects of the leading edge
in 1low-speed flight regimes. Overall, the choice of hollow
tubes provided a versatile structural member for anticipated
load conditions.
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Figure 6 -

WING SPAR COMPRESSIVE LOAD ANALYSIS
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Wing spars were treated as columns for purposes of
structural analysis. A schematic of compressive loading is
shown in Pigure 6. Compressive forces were observed in the
outer wing spar due to the tension force from the jib and
mainsail and from the outer restraining stay (Rn)' Inner

spar compressive 1loads were due to the total outer-spar

compressive load plus a component from the inner restraining
stay (R ).

2. Wing-sSpar Column Analysis

If the wingspar were to be subjected to a vertical
distributed load from the mainsail as well as a compressive
loading, then it would require analysis as a beam-column.
This approach was not pursued for several reasons. Pirst,
as the subsequent tension analysis demonstrated, tensions in
the sail vwere regarded as acting primarily in the spanwise
direction. It was also intended that the mainsail was to
carry no vertical loads in the coincident region of jib aud
mainsail. Finally, if some vertical loading were to result
it could be disregarded in all probability according Ref 2:

Since the critical load for the beal co‘ an is the same
as the column critical load, it is parent that the
the latoral 10ads. This 15 té’ﬁé‘%‘“‘l ’25“"28?323? ¢
none of the stresses exceeds the proportional limit.

All angles in Figure 6 were considered sufficiently
small for small-angle approximations in analysis. The
veight of the wing spars acting downward provided some
assistance to the restraining stays in balancing the forces

from the sail tension. Spar weights then aided in reducing
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compressive forces within the spars due to the restraining
stays. This fact further assisted in weight reduction.
From statics and Figure 6:

at the wingtip

ZPy: T(x+ h) 31[ h]w Egn (4)
— e 0
b/2 b/4 4
£Fx: P =T+R | Egn (5)
o 1
at midwing
EFy: L ] [ 1(w +W ) Eqn (6)
b/u4l 4 "
EFx: P =P +R Eqn (7)
- LR T

for the critical compressive loading of a column as follows:

2
Egqn (8) P =cWEI where c=end conditions
cr
2
L p1n ended free
-2 ou E n ende fixed
for a hollo! tuge: E=modulus of elast1c1ty
Eqn (9) isygis =~z ) I=moment of inertia
o i
4 L=column length
2 2 2 2
{(r *x ) (= -r. ) r =outer radius
o i o i

o

r _=inner radius
1

2 2

(r +r ) (r +r ) (r -r ) t=wall thickness
o i o i o i

2 4
for tubes with large radii compared to thickness (r +r

o i
is approximately equal to 2:0z . Where (r°+ri) approximately
equals 2r and (r -r )=t. these approximations into
equation (8) yielded?

I=T2(r )zzr t=r 3t'l'r Eqn (10)
e o o
For an“outer radius of 3.0 inches and a thickness of .03
inches this 2pprox%lation compares as follows:
I=1g3.0 -2.97 )=2.507 in Eqn (94
L]




B R SRR - AR

3 L)
=w(3.0) (.03)=2.545 in Eqn (10)

(a difference of about 1.49%). Substituting eguation (10)
into equation (8% yiglds

Egqn (11) P =cWEr ¢t where:
e
(b/4) r =outer radius

h3u=coluln length
This is the maximum compressive load that a coluan
of given radius, thickness, length, specific end-conditions
and type material can withstand.

3. Sail Tensions and Allowable Trailing-Edge
Deflections

Reference 7 discussed circumferential stresses
experienced in a thin-walled <cylinder and was directly
related to the sail tension equation development illustrated
in Pigqure 7.

Eqn (12 S.=Pr vhere =circumferential
o il ;%%ess in a thin-walled

v
cylinder
P=pressure ;
§o =vall tension r=cylinder radius
unit area t =wall thickness
"
Got =wvall tension R=radius of curvature
v
unit depth

Sail tensions were assumed to exist along the spanwise
elements of a wing instead of in the chordwise direction.
Consequently the force of the sail could be regarded as a
series of tension strips running from root to tip with
virtually nc fore-and-aft stress components. ) % the
curvature of the trailing edge of the jib sail were regarded
as a segment of a very
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ALLOWABLE DEPLECTIONS, TENSION BALANCE, AND
THIN-WALLED CYLINDER
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large circle, then the spanvwise tension/unit chord (T/c=t)
was equivalent to (t). Tension/unit chord was assumed to be
a constant along each spanwise strip. In the small angle
approximation the reciprocal of the sail radius of curvature
vas known to be equivalent to the second derivative of the
deflection (2z) with respect to spanwise position (y). These
conditions modified Equation (12) to the following:

T/c=PR Egqn (13
For the jib sgil:
14z Pca-ch(1-Z!) Egqn (14)
2
R ay %X b
3

where cj=c(1-2y/b)

The negative sign originated from the radius of curvature
orientation. 1Integrating equation(14) twice and solving for

the constants of integration produced the following results:

2
dz=Pc (by-y ) +A
dy T
j 2 3
z=Pc (QZ X ) +Ay+B
T 2 3

vith end condltions:

y=0, z=0 B=0
Yy=b, z=0 A=Pc b
2 6T
3
Equation (14) then became an equation for the spanwise sail
deflection:
3 g2 2
Z Pc (2y -3by +b y ) Egqn (15)

6T
]

Solving Equation (15) for the spanwise deflection at midspan
(y=b/4) resulted in
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3 2 2
z Pc (2y -3by +b y) Eqn (16)

64
3

While equation (16) provided a general expression for
mid-span sail deflection, the maximem value (d) that ¢the
sail wvould be allowed to experience remained to be
determined. It was assumed that mid-span deflection was
directly proportional to the product of chord and a constant
of proportionality (Kd). The equation indicated that the

tension in the sail and the consequent design stay tensioans

and spar compressions increased linearly as the sail was
drawn tighter and made flatter. This meant that there was a
tradeoff between baggy sails and high loads. Judgement was
exercised to allow the deflection to be limited to 5% of the
root chord.

daxdc Egn (17)
At midspan dsxdco/z Eqn(18) . For a midspan deflection of 5%

Kd became .10 Substituting Egquation (18) into Equation (16)

resulted in an expression for the required sail stay tension

2 2
Pb c Eqn (19)

T Pc‘b
64K°c /2 32K ¢~
d o d o

:

But pressure (P) was equivalent to the total lifting force
(WL) divided by the total wing area(S). Referring to Pigure
6 it can be seen that the weight of the sails acts opposite
to the 1lifting force. Since the sail supported its own
veight plus the weight of the entire craft it was assumed
that the weight of the sail should not affect Equation (19)
and should therefore be deducted froam the effect of the
ving-lift:

2 2
T (WL-§S)b c WL'D c . Eqn (20)
T —————
32K S c” 32K Sc
d ] d o
27
% R ok SR




FPor all considerations the area of the main sail directly
beneath the jib was assumed to provide no 1lift. It was
assumed that this region merely provided the slotted
condition between the main and jib sails. Consequently for
structural 1load considerations the main sail chord was
measured from the trailing edge of the jib chord to the
trailing edge of the main sail chord. Bearing this fact in
mind a similar anglysis of mainsail tensions lead to:

T WL'b e Egn (21)

n=—

32K _Sc

4 o

The Jjib tension(rj) and main tension (T ) combined to egual
‘ m

the total tension (T) acting along the wing spar because

c ocjsc . Figure 7 shows a spanwise tension balance acting
n o

at one wingtip. When these forces and angles were suamed,

the result was a compressive force acting aloag the wing
spar. Pore-and-aft force components vere equal and
opposite.

4. Location of the Center of Gravity

The mean aerodynamic chord of a triangular wing is
located one-third the distance of the seni-span (b/6) from

the fuselage. Therefore c =2c /3. The wing could also be
ave o

regarded (Figure 8) to be a rectangular wing of the same
span and two-thirds the value of the root chord. Stability
considerations generally select the center-of-gravity
location close to the gquarter chord position. 1In this
instance the guarter chord position of the egquivalent
rectangular wing can be seen to intersect the fuselage at a
value one-third of the wing root chord.
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5. Ipitial Weight and Balance Caluclations

Several criteria were followed for initial weight
and balance analysis:

a. Summation of Weight=Gross Weight (GW)

Gross weight included the initial weight
estimates of:

GH=W=W + (W + S) (1+K ) Eqn (22)
body spars t

where Kt=factor for the tail structure and wvas assumed to be
0.200.

b. Wing-Lift (WL) Equals the Gross Weight Plus the
Absolute value of Tail Lift (TL)

The wing-lift must support not only the aircraft
gross wveight but also an additional amount equal to the tail
lift loss as discussed in the Empennage Assumptions section.

&M =0=gS Cl L -gS C1 L
cg v W W T %%

S Cl L =stCItLt Egn (23)
v W W
This substituted into Equation (22) yields an expression for
weight and alsozving-lift of the aircraft:
] 1?7 S Cl (1-L )
=- v v -
2 Lt vhere

2
WL W v S C1 Eqn (24)

D — v w
(1-L'/Lt) 2

c. Balance of Aerodynamic Forces

Aerodynamic forces must be balanced about the
center-of-gravity as illustrated in Pigure 4 Thus
WL(L )=TL(L ) Egn (25)
U} t




Due to the location of the center-of-gravity at one-third of
the root chord aft of the leading edge and the wing-lift

acting at the mid-point of the root chord, the value of "L "
B

was found to be one-sixth of the root chord. "L’" vas

assumed to be three-halves of the root chord value.

d. Weight and Balance

After the balance of aerodynamic forces was
obtained, weight shifts were necessary to insure that the
weights actually balanced at the center-of-gravity. The
geometry of the aircraft was fixed with the exception of
pilot location. Therefore all that remained was to position
the pilot appropriately to bring the C.G. to the desired
location. Care was required to insure that the propeller
was further forward than the leading edge of the jib sail
stay.

6. Spar Weights in Cerms of Euler's Buckling Equation

A column subjected to compressive 1loads will fail

wvhen a critical load is reached or exceeded. Equation (11),
was utilized for the development of wing spar weight
expressions. Spar weight is equivalent to the material
density times the volume of the structure. Spars are
henceforth considered as "inner" spars and "outer" spars.
Por example, the weight of the outer spars is the weight of
both outer wing spar segments. Thus

spar veight=density times volume= 2 rtb/2 Eqn(26)
for an outer radius of 3.0 inches and a thickness of .03
inches this approgilagion congared as follows:

l1=Tnt° “r, )= (3.0 =2.97 )=.5626

1282'rt=2 3.0M.03=,.5655

(a difference of about 0.51%). Equation (11) may be
rearranged to include spar weight terms as follows:
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3 2

3 2
P c WEr t_c'ﬂ’Ex: (Zfrt(b/Z)

Ccr=
2 2
(b/4)  (b/4) Qb
2 2 2 2
P CcTEr W 16c WE(c/b) W Eqn (27)
CRS e AT —spar

(b/4) Qb Qb

While the distance in the numerator is a semi-span (b/2) for
veight calculation, the denominator remains the length of
each individual column (b/4) for buckling considerations.
The weight of the wing spar is equivalent to the weights of
the outer and inner wing spar sections. The (r/b) term was
called the "slenderness ratio" and was one of the terms
utilized in subsequent minimization analyses.

7. Compressive Load Analysis

Equations(4-7) state compressive loads in terms of
aircraft geometry (Figure 6). The angle "alpha"™ vas assumed
to be equivalent to 24d/b/4. From the "allowable deflection"”
discussion d=ch. At midspan the chord value was half of

the root chord and therefore dsxdc /2. Looking at sail
o

geometry S=bc /2 and therefore d=Kd5/b. Consequently
o

2
=8d/b=8Kd5/b Eqn (28). Solving Equation (4) €or the

tension force in the outer stay became

2
R WL'D FK S 1] Wob Eqn (29)
—ﬂ-_

1= =] - —
32de bh 2

16h

from Equation (5) the compressive 1loading in outer wing
spars became

2
P WL'D [2x S 3] Wob Eqn (30)
o= s, SR -
32xds bh 2| 16h

Similarly from Equations (6) and (7) the following analysis
vas obtained for the inner wing spars:
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R WL'b [2K S 1| b (2Wo+Wi) Bgn (31)
2= - Bl
32de bh 2] 16h
2
P WL'b [4K S 2| b (3Wo+Wi) Egqn (32)
i= ——t |- —
32KdS bh 16h

8. Spar Weights in Terms of Buckling Criteria and Force
Analysis

Euler's buckling equation provided an expression for
the critical buckling load that may be applied to a column.
It was then modified to reflect the weights of inner and
outer wing spars (Bquation 27). This set of equations was
set equal to the compressive 1loads calculated from the
aircraft geometry. Spar weights were calculated from these
equations after the inclusion of a safety factor (SF) tera,
a universally accepted engineering practice. Equation (27)
wvas thus modified to include a safety factor term in the
denominator. When the safety factor exceeded its minimum
value of 1.0, the resultant decrease in tolerable critical
loading provided a margin of error. Thus, for the outer
wing spars: P =P or

e 2
16cWE(r /b) Wo WL'b [2K S 3] Wob
N = d ¢+ |- =—
SF b 32Kd5 bh 2] 16h

Solving for the weight of the outer spars (Wo) yielded:

wL! [1’3bb
Wo 4K s Egn (33)

- T
2 2 2

16 Z Eh
e

>SP<b where 2 =r0/b
o

+

For simplification of calculations let:




2 2 2 2
A bh B 16 WZ Eh B, 16 WEZ_ Eh
= — o= —o—— in e———f—
2

K S SPgb SP(b
then Equation (33) becanme

W WL' (1+43A/4) Egn (34)
o=
(1+B )
Q
Solving for Hi yielded

W, WL'[-1+2B +aB -5a/4] Eqa (35)
R Gt
(1428,) (1+8 )

9. 1Total Weight and Wing-Lift/Unit Span Developaent
It was determined from Equation(2) that aircraft
weight was equivalent to WL (1-L /Lt). Aircraft gross weight
v

was assumed to be a body weight (wb), which was estimated in

a previous section, plus the weight of the wing spars and
sail, plus the empennage (assumed to weigh 20% of their
respective wing components). Thus

W=WL(1-L /L )=W_+(1+K ) (W + S) Egn (36)
vw t b * spars

The combined weight of the wing spars becanme

W =W +¥_ WL'[-A/2+42(B +B )+A(B +3B /2)] Egn (37)
sp o i= o—i% o4
(1*2b )("b )

When this was substituted into Equation (36) an expression
for wing-lift/unit span was obtained.

[ S I’u 1+x] ssf-a /242 (aaoa )+A (B +3B /2]]

14K (1+2B )(1+a o BEqn (38)

b[(1 L /L )] b[ l/2+2(8 +B, )u(a +3B /2)]

(1*K ) (1*28 ) (1+B )

Equation (38) represented the doninant term in the optimum
power equation developed in a previous section.
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Considerable attention was devoted towards minimizing its
value.

10. [Plexibility of Wing Sail Design

Two remaining terms in the optimum power equation
that could be varied were the parasite drag area (f) and the
wing efficiency factor (e). Both terms were examined for
optimization possibilities. Aircraft wing geometry might be
varied to improve the wing efficiency factor, referred to as
Oswald's efficiency factor. One particularly attractive
feature of Equation(38) is that it may be optimized
independently from wing geometry. Conversely improvements
in wing efficiency need not alter wing-lift/unit span
calculations so long as wing area remained fixed.

C. POWER REQUIRED

Re-examining the power equation discussed in a previous
section for drag gerns evol!ed the following:

P=DV1pv S(Cd + Cl ) Eqn (39)
AL 5 e
2 TARe

wvhere the first term in parenthesis represented a parasite
drag coefficient and the second term an induced drag.
Certain assumptions as to their nature preceeded an
examination of their minimization.

1. Parasite Drag Considerations

An equivalent parasite area (f) was obtained from

the product of CA and sail area S. This term was further
P

broken down to a parasite drag for the man and fuselage

(referred to as "f ") and a term relating to the drag of
man

the wing spars. Von Mises [Ref. 7] mentions a coefficient
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e

of parasite drag "c ," which is based on the frontal area of
P

the body. Figure 9 [Von Mises 1959 ] presents a region of
expected parasite drag coefficients for various geometries.
The anticipated Reynolds number for man-powered-flight is on

4
the order of 5.5x10 .
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Figure 9-PARASITE DRAG COEFFICIENT Cp
The anticipated Reynolds number 1is on the lower
extremity of this figure and suggests an increasing parasite
drag coefficient value. However, a shape more streamlined
than the ellipse was anticipated due to wrapping the sail
about the wing-spar and reaffixing it to the mainsail sonme

distance aft of the spar. A value of ¢ =.25 was arbitrarily
P

selected based on the above factors. A product of wing spar
diameter times the wingspan yielded the frontal area
mentioned earlier. The parasite area thus became

f=f *¢ (2r +2r )b/2 Eqn (40)
man p o i
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2. Ipnduced Drag Considerations

e

Induced drag (Cd ) is equivalent to the square of
i
the 1lift 'coefficient divided by the product of pi and the

aspect ratio. Figure 10 shows a reduction in the induced
drag and thrust required due to a phenomenon known as
“ground-effect.” Since the majority of the man-powered
flight regime was expected to occur in close proximity with
the earth, ground-effect provided an extremely useful drag
reduction. With ground-effect the induced drag equation

became

2
Cd_  KCl Eqn (41)

TTAR
vhere K represents a reduction due to ground-effect. Using

the curve of Figure 10 and numerical approximation

2 3 LY

SR X' A A L SRR
h/b C 1-%
/ ai { )

0.1 .48 .52

19
02 2% M -.09
.10 .05
0.3 .19 .81 -.04 -.02
.06 .03
0.4 .13 .87 -.01
.05

0.5 .08 .92
INDUCED DRAG REDUCTION FORWARD INTERPOLATING POLYNOMIAL
Pigure 11

37




techniques discussed in Gerald ([Ref.1] a second order
polynomial fit was obtained for induced drag reduction.
Figure 11 illustrates the data employed for the drag
reduction equation as a function gf altitude/wing span

P (x)=K=fot+tsafot+s (s-1)A fo vhere s=x-.1
5 il
z 2! 4
K=.24+3.25x-4.5x ' Eqn (42)
x=h/b

This equation enabled a gquantitative analysis of induced
drag reduction with altitude (for a given wing span).

D. SUMMATION

An equation for power was optimized in a previous
section and yielded several variable terms. Of these WL/b
was the dominant term and an equation for it was developed
using the aircraft geometry and Euler's buckling equation.
A parasite area term was identified and an expression
developed based on the frontal area. Reductions in induced
drag wvere noted due to ground-effect and the reduction was
quantified according to a ratio of altitude divided by wing
span. Oswald's wing efficiency wvas the 1last remaining
variable and its iamproveament was cited as possible for a
fixed sail area independent of the WL/b equation. Design
modifications and- optimization of the above factors were
examined to bring the power required for flight within the
attainable power available reginme.

38




III.

(]
(<]

ARCH FOR OPTIMUMS

A. COMPUTATIONAL ANALYSIS

The 1logical approach for further optimization at this
point appeared to be similar to the optimization technique
of the power equation from the Optimum Power section. Since
the intention was to minimize the power-required, it
followed that further optimization of the power equation was
the obvious selection for further analysis and the
development of an expression for WL/b was developed
accordingly. The abbreviated terms in Equation (38) were
expanded and it was intended to optimize this equation with
respect to span Jjust as the power equation had been
optimized with respect to velo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>