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NOTATION

Geometric Aspect Ratic b2/8

Effective Aspect Ratio = AR/k
Wing Span, ft (m.)
Brake Horsepower; defined at the
interface between the man and the
machine. 1 BHP = 550 ft-1b/sec
(76 kg-m./sec)
Total Drag Coefficient
Parasite Drag Coefficient (a
function of Reynolds number and
angle of attack)
Induced Drag Coefficient =

2
kaL /AR

Trim Drag Coefficient
"Zero Lift" Drag Coefficient

Lift Coefficient
Drag Force 1b (kg) D = %pVQCDS

"Oswald" or "Airplane"™ Efficien-
cy Factor

A = W

9p]

THP

Span Efficiency Factor (Wing
Alone)

Height of Aercdynamic Center
(a.c.) of the Mean Rerodynamic
Chord (M.A.C.) of the Wing Above
the Ground. ft (m.)

Lift Force, 1b (kg) L = lépVZCLS

Specific Power THP/W

Number of Crew Members

Turn Radius, ft (m.)

Wing Area ft2 (mz)

Thrust Horsepower THP = TBHP
Velocity ft/sec (m./sec)
Gross Weight, 1b (kg)

Combined Propeller/Transmission
Efficiency 1 = ﬂp . nt

Sea Level Air Density 0.002378
slugs/ft3 (0,125 kgm/m3)

Bank Angle deg.
Rerodynamic center

Mean aerodynamic chord



INTRODUCTION

There has been considerable interest
and work done during the past decade in
attempts to achieve true man-powered
flight. Aside from efforts mainly in
Germany in the 1930's, the problem had re-
mained dormant for nearly twenty years,

In the late 1950's, several individuals

in Britain began to reconsider the prob-
lem in the light of the great advances
made in aerodynamics, materials, and struc-
tural technology during the intervening
period. Sufficient interest in man-pow-
ered flight was stimulated to encourage
the British industrialist Henry Kremer to
establish the £5000 Kremer Competition in
early 1960. The basic rules for this com-
petition require that the "aircraft" take-
off and fly a figure-eight course around
two pylons placed one-half mile apart on

a level field solely by human muscle
power. The rules further stipulate that
the starting line (which is also to be

the finish line) be crossed at a minimum
altitude of 10 ft (3 m.); no stored energy
devices or lighter-than-air gases are per-
mitted, and the aircraft must be control-
led by the crew for the duration of the
flight. No limit is set on the number of
crew members. The competition was origi-
nally open only to citizens of the British
Commonwealth.

Bn excellent historical survey of seri-
ous past attempts to achieve man-powered
flight, and the status of projects inten-
ded to compete for the Kremer prize, up
to February 1966 is contained in Shen-
stone's paper (1l). Two significant events
which have sustained interest in man-pow-
ered flight since the publication of Shen-
stone's paper have been the change in the
Xremer Competition rules in 1967 to allow
participation by individuals of any nation-
ality and the doubling of the prize for
the negotiation of the basic course to
£10,000 (about $24,000 U.S. funds). The
current prize is to remain in effect until
31 December 1973; at which time, if the
prize has not been won, the Royal Rero-
nautical Society will consider revision
of the rules and extension of the competi-
tion.

Since the establishment of the Kremer
prize, at least twenty-five serious design
studies of "conventional" aircraft capable
of competing for the Kremer prize have
been undertaken. Of these designs, about

a dozen have been built and at least seven
have successfully flown following unaided
man-powered takeoffs. Five other machines
have reached an advanced stage of construc-
tion. Table 1 lists the physical charac-
teristics of some of these machines.

In addition, several ornithopters and
helicopters have been constructed. It
appears, however, that man-powered heli-
copters have little chance at present to
fly far enough out of ground effect to
successfully compete for the Kremer prize.
While showing some promise aerodynamically,
ornithopters must necessarily be rather
complex mechanically; and, considering the
present state of materials and structural
technology, they must be considered a very
marginal prospect at best. At least in
the near future, one is probably best off
concentrating on a more-or-less conven-
tional aircraft layout to solve the prob-
lem,

Despite all the recent activity in the
field, much of it by teams of very compe-
tent engineers, the Kremer prize appears
to be a long way from being won. BAs a
consequence, we consider it appropriate
at this point in time to critically examine
existing designs and perhaps indicate some
ways to circumvent shortcomings in current
approaches to the problem.

THEORETICAL. CONSIDERATIONS

Power Available

The logical place to begin a discus-
sion of man-powered flight is to consider
the power available from a man and how
this power can be most efficiently extrac-
ted. Fortunately, a considerable amount
of experimental work has been done on
this subject, much of it directly related
to the problem of man-powered flight.

Very extensive experiments were con-
ducted at Ursinus' Muskelflug-Institute
at Frankfort, largely by Gropp, during
the mid 1930s. Gropp investigated factors
such as physical condition and training,
power-to-weight ratio, and methods of
power extraction. While impressive, the
work is of somewhat limited value in that
it considers only the first two minutes
of exercise, and the subjects were mainly
Northern Europeans; no information on pos-
sible variations due to ethnic factors was
given. Gropp's conclusions were that
pedaling was probably the most efficient



means of power extraction and that a sub-
ject in average physical condition was
capable of producing on the order of 0.4
BHP after about two minutes' exertion.

Later analyses by Nonweiler (2, 3) and
Wilkie (4) extended the time span to sev-
eral hours. Wilkie concluded that for
champion athletes, the steady state work
output for exercise durations from 5 to
150 minutes was 0.4 to 0.5 BHP, limited
primarily by the ability of the body to
absorb and transport oxygen. In addition,
for short periods (0.1 to 5 minutes) up
to 2 BHP could be produced, for a total of
0.6 HP-minutes, by hydrolysis of chemical
substances stored in the muscles. This
process would, however, entail going into
"oxygen debt." BAn ordinary healthy indi-
vidual should be able to produce 70 to 80

percent of these values according to Wilkie,

The results of the Ursinus-Gropp experi-
ments and Wilkie'!s analysis are shown in
Fig. 1.

The power levels given in Fig. 1 (as-
suning pedaling as the best method of
power extraction) are more-or-less gener-
ally accepted and have been experimentally
verified by several groups who have built
or are building man-powered aircraft. Two
questions remain largely unanswered, des-
pite this body of experimental data: (1)
is a man capable of developing his full
power potential while suspended several
feet above the ground in a flimsy, flexible
aircraft? (2) More importantly, what
level of power degradation does the pilot
suffer while attempting the very difficult
task of controlling the aircraft, specifi-
cally, around the Kremer Competition
course? A further practical difficulty
arises in trying to find a first-rate
pilot who also happens to be a champion
athlete.

On the basis of the above discussion,
we propose the following set of possible
power equations, assuming:

(1) The pilot is in average physical
condition and for purposes of attempting
the Kremer Competition, will participate
in some sort of physical training program,
Thus the steady state power output for
periods of 5 to 10 minutes is assumed to
be 0.4 BHP, degraded to various assumed
levels by the need to concentrate on fly-
ing the aircraft.

(2) If a crew of more than one is to
be carried, champion athletic performance
can be produced by the "slaves." Thus an
output of 0.5 BHP per man for periods of
5 to 10 minutes may be expected if addi-
tional crew members need not concentrate
on flying.

BHP available = 0.40 + 0.50 (N-1) 1.1

This assumes no degradation in pilot
performance with exercise.

BHP available = 0.30 + 0,50 (N-1) 1.2

This assumes 25% degradation in
pilot performance with exercise,

BHP available = 0.35 + 0,50 (N-1) 1.3

A compromise between the assump-
tions-of .1l.1-and 1.2

Power Required

For steady level flight, the power re-
quired can be expressed by the formula:

w-Vv
550 L/D .

THPgeq® 7] BHPggo ® (2

An alternative representation is possible
if one eliminates the velocity by use of
the definition of the lift coefficient,
and the fact that in level flight the lift

approximately equals the weight. In this
form:

[_2.]".’1.[&]".’&__ -4
THReo." |G 550 (s] ™ c27

For purposes of the present analysis,
it has been assumed that the drag polar
for the aircraft can be approximated with
sufficient accuracy over a limited range
of 1lift coefficients and Reynolds number
by the parabolic relation:

= C 4
Co ® Co* Co,* Copp (4)
2
Co, * AR



FIGURE 1.

TABLE 1. CHARACTERISTICS OF SELECTED MAN-POWERED AIRCRAFT
Type, Country, First Flight Wing Span Hin% Area Aspect Empty Wt. Loaded Wt. Wing Loading Reference
ft. (m.) ft.2(m.2) Ratio  1lbs.(kg.) 1lbs.(kg.)  1b/ft?(kg/m?)
Haessler-Villinger "Mufli" 44.3 104 18.8 81 246 2,37 9, 11, 17
Germany -/1935 (13.5) (9.65) (36.7) (111.5) (11.5)
Bossi-Bonomi "Pedaliante" 55.8 230 13.4 215 358 1.56 17, 11
Italy -/1936 (17.1) (21.4) (97.5) (162) (7.60)
Southampton ''SUMPAC' 80.0 300 21.3 128 269 0.89 14, 24, 11
G. Brit. Nov. /1961 (24.4) (27.9) (58.0) (122) (4.33) 16
Hatfield "Puffin I" 84.0 330 21.4 110 250 0.76 6, 11, 16
G. Brit. Nov. /1961 (25.6) (30.7) (49.9) (113) (3.70)
Hatfield "Puffin II" 93.0 390 22.0 136 265 0.68 Tipndlae 17
G. Brit. Aug. /1965 (28.4) (36.2) (61.6) (120) (3.31)
Nihon U. "Linnet I" 72.2 280 18.6 111.5 235 0.84 11
Japan Feb. /1966 (22,0) (26.0) (50.6) (106.5) (4.09)
RS B Y e g s 72,2 280 18.6 98.5 225 0.81 11
Feb. /1967 (22.0) (26.0) (44.7) (102) (3.94)
Weybridge 120.3 485 30.0 125 275 0.57
G. Brit. -/1971 (367) (45.0) (56.7) (124.5) (2.78)
Hertstordshire '""Toucan" 123.0 600 25.0 145 445 0.74 11
G. Brit. -/1971 (37.5) (55.8) (65.8) (205) (3.60)
Southend "May fly" 90.0 405 20.0 146 438 1.08 16, 10, 11
G. Brit. (No flights) 1964 (27.4) (37.6) (66.2) (198.5) (5.25)
Ottawa 90.0 450 18.0 165 450 1.00 5; 10, 11
Canada -/1972 (27.4) (41.8) (74.8) (204) (4.87)
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Using this appreximation, one obtains the
usual results that:

2
——h_ for L/D max (max glide
Coos T AR Oang{e) m
(5)
K GE
C, & ———bk_ for minimum power (minimum
0y 31T AR sink rate)

Now, taking Egs. 2, 4, and 5 together and
introducing the specific power P, we may
write (in the English system of units):

172 w2

va 174
p-c[ﬁ] Gy .c[.v!.] Cog__ (6)
i's] AR, 2[S] AR
Cl = 0.0306 C2 = 0.0408 for max L/D
Cl = 0.0204 C2 = 0.0358 for min.power
Figures 2 and 3 show plots of the L
quantity: specific power/(wing loading)?

as a function of 1lift coefficient., These
figures, together with appropriate rela-
tionships for aircraft weight, power avail-
able, and effective aspect ratio (subject
to constraints on realizable lift coeffi-
cients and corresponding drag values) form
the basis of a sizing study of man-power-
ed aircraft. In order to get a feel for
the numbers, the regions on Figs, 2 and 3
which apply to modern Standard Class and
several recent types of Open Class sail-
planes (5, 6) are shown together with the
general location Ef several existing man-
powered aircraft.~ It should be pointed
out that, aside from the assumption that
the aircraft has a parabolic drag polar,
Figs. 2 and 3 are completely general.

Propeller and Transmission

No really satisfactory analysis of
man-powered aircraft propeller and trans-
mission efficiencies has been published,
although on the basis of the discussion

-Jén order to place sailplanes on the dia-
grams, the following relation has been
used: P = z/550 where z is the sink
speed in ft/sec

in Ref. 7 and experience with the Puffin
aircraft, it appears that values greater
than 80 percent are achievable. For pur-
poses of the present analysis, a value
for T of 0.80 was selected as a conserva-
tive estimate.

Weights

As a result of the experience gained
by various groups from the actual construc-
tion of successful man-powered aircraft,
it is now possible to estimate achiev-
able weights for new designs with consid-
erably more assurance than has been pos-
sible in the past. Single place aircraft
of very large size, and empty weights on
the order of 100-120 1b (50-55 kg) with
adequate load factors have been demonstra-
ted. These machines have not relied on
the extensive use of exotic materials and
structural techniques. In fact, of those
machines completed, the structural ap-
proach may be considered quite conserva-
tive considering the design problem faced.
With the exception of the Linnet series
in Japan, for example, little use has
been made of materials such as rigid foams,
Fibreglas, etc. It seems probable that
use of these and other new materials offer
considerable promise of even further
weight reduction if intelligently used.

In addition, the use of such materials as
rigid foam offers potential time and cost
savings which could be of very great bene-
fit to a small group with limited resour-
ces,

From the data in Table 1, it is pos-
sible to specify some simple, realistic
weight equations for an aircraft sizing
analysis. If one assumes, in the absence
of modern data on optimum human power-to-
weight ratios, that the average crew mem-
ber weighs 140 1b (64 kg), the following
equations for gross weight are proposed:

B&t may be objected that the proposed
weight equations take no explicit ac-
count of variations in weight with air-
craft size parameters. The approxima-
tions are legitimate if one considers
the resulting weights as design goals,
and the resulting size parameters (e.g.,
wing span, aspect ratio) are within the
general range of applicability of the
particular equation used, The justifi-
cations for specifying the weight in the
form chosen are: (1) arithmetic expedi-
ency; (2) the resulting weights agree
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0.73

W= 140 N + 60 N 71
Optimistic, Small Bircraft

W= 140 N + 115 NO-°0 7.2
Present state-of-the-art

W= 140 N + 125 NO-°° o

Pessimistic , Large Aircraft

Equation 7.2, for example, gives a
weight of 255 1b (115 kg) for a one-man
machine; 445 1b (220 kg) for a two-place
aircraft; 620 1b (280 kg) for a crew of
three, and so on. Now combining Eq. 7
with Eq. 1, assuming m = 0.8, a plot of
specific power available as a function of
the number of crew members can be made,
as shown in Fig. 4. The important con-
clusion to be drawn from Fig. 4 is that
regardless of the optimism or pessimism
of the weight and power available esti-
mates, a clear gain in available specific
power is achieved by increasing the crew
size from one to two. The specific power
available continues to increase with in-
creasing crew sizej; however, the curves
begin to flatten after a crew size of two
men has been reached and it seems unprof-
itable to consider aircraft with crews of
more than three or four men., The full im-
portance of the above conclusions should
become clear in the later analysis when
the geometric size of the aircraft is con-
sidered. For comparison with Figs. 2 and
3, it is convenient to plot the quantity:
specific power available divided by the
square root of The wing loading, against
wing loading for various values of crew
size. B representative graph of this
sort using Eqs. 1.3 and 7.2 is shown in
Fig. 5. Figure 5 shows that at a given
level of available P/(W/S)2, the allow-
able wing loading increases with an in-
crease in crew size, the largest jump
again occurring between a one-man and a
two-man crew.

GROUND EFFECT AND EFFECTIVE ASPECT RATIO

A brief comparison of Figs. 2, 3, and
5 shows that unless the wing loading and/
or the weight are kept low, or the effec-
tive aspect ratio is very large, true
man-powered flight is nearly impossible.

satisfactorily with data in Table 1l:; and
(3) the equations are sufficiently rea-
listic to demonstrate the salient points
to be brought out in the succeeding analy-
sis.

Fortunately, the Kremer Competition rules
specify that the aircraft cross the start-
ing and finishing line at an altitude of
only 10 ft (3.0 m). Thus if the span of
the wing is sufficiently large, a consid-
erable increase in effective aspect ratio
may be obtained from ground effect. The
augmentation of aspect ratio shown in Fig.
6 is expressed as a function of the ratio
of the height of the a.c. of the M.A.C. of
the wing to the geometric wing span. The
values shown in Fig. 6 have been substan-
tiated ( 8 ) for wings with aspect ratios
up to about 8, No reference has been
found, however, for ground effect augmen-
tations for wings with aspect ratios cus-
tomarily used on high-performance sail-
planes and existing man-powered aircraft.

In order to study the wing size re-
quired for a man-powered aircraft, it is
necessary to have an estimate of the ef-
fective aspect ratio corresponding to the
purely geometric aspect ratio. The ARy is
defined by Eq, 4., Despite the limitations
of the parabolic polar, it has been found
that on the basis of drag data from flight
tests of twenty sailplanes (5, 6 ), a
reasonable correlation exists between the
k factor for the total airplane and the
wing geometric aspect ratio (for flight
outside of ground effect), if proper ac-
count is taken of Reynolds numbers and air-
craft layout. From this information, it
is possible, by adjustment of the Reynolds
numbers down to the range anticipated for
man-powered aircraft, to estimate the ap-
propriate k values as a function of aspect
ratio, assuming airfoils with drag char-
acteristics similar to the Wortmann series
(9, 10). It is further assumed that the
factor k  (k_ outside of ground effect)
has a vafde of 1.05.

For purposes of the present paper, the
values of ARg at an altitude of 15 ft
(4.6 m) (assuming the bottom of the air-
craft is 10 ft (3.0 m) above the bottom
of the aircraft) are shown in Fig. 7 with
values of geometric aspect ratio used as
a parameter. The generating equation for

Fig. 7 dsg
AR
AR, * " (8a)
AR = B/8 (8b)
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K= (0.0l AR + 0.18) + 1.05%‘"— (8c)
w”

(for Kw see Fig. 6)

Voo

These values of effective aspect ratio are
considered to be representative of those
attainable with an aircraft similar in lay-
out to a conventional high-performance sail-
Elane but having a relatively bulky fuse-
age.

It is worth noting that on the basis
of the work of Cone (11,12,13), it appears
that values of k  substantially less
than unity have BZen achieved by some
soaring birds. This effect has apparently
been obtained through the use of a combi-
nation of spanwise camber and what may be
described as flexible vaned panels near
the tip of the birds!' wings. Such devices
deserve extensive investigation, particu-
larly for possible application to "one-
point design" aircraft such as the man-
powered aircraft.

TURN PERFORMANCE

Spillman (14) has presented a good
preliminary analysis of the difficulties
to be anticipated in attempting to make
the turns required to negotiate the Kremer
course. The major difficulties are the
adverse roll and yaw moments (and conse-
quent large values of trim drag and re-
quired aileron power) produced when opera-
ting a very large span, lightweight air-
craft in a banked turn close to the ground.
The nature of the problem can be illustra-
ted by considering some of the numerical
results of Spillman's analysis., The major
variables influencing the turning perform-
ance (assuming a steady, constant altitude
turn) are the wing span, speed, altitude,
and bank angle. The turn performance is
also limited by the maximum available sec-
tion 1ift coefficient of the wing. Con-
sider an aircraft traveling with a center-
line velocity of 30 ft/sec (9 m./s.) at an
altitude of 15 ft (4.6 m.), measured to
the height of the M.A.C. in level flight.
Referring to Fig. 8 for notation, values
of various turn parameters are given in
Table 2 for aircraft with spans of 60 ft
(18 m.); 75 £t (23 m.); and 90 £t (27 m.)
at bank angles of 2, 5, and 10 deg.

The information in Table 2 indicates
the following difficulties in performing
the turns:

1. When the wing span of the air-
craft becomes a significant percentage of
the turn radius, the wing begins to behave
like a rotor. Increasing bank angle leads
to smaller turn radii and to an increase
in the difference in velocity acting on
each section of wing across the span. For
example, with the 90 ft (27 m.) span wing
in a 10 deg bank, the outer wing tip is
traveling almost twice as fast as the in-
ner tip. For this case, assuming no ailer-
on deflection, the difference between the
actual spanwise airload and the correspond-
ing ideal elliptic distribution is shown
superimposed in Fig. 8. This demonstrates
the nature of the spanwise shift in center
of pressure which leads to the production
of an adverse rolling moment. Very large
values of aileron power may be required;
values which cannot be produced without
excessively large ailerons., In addition,
the resulting non-optimum lift distribu-
tion leads to an increase in induced drag,
which contributes to an increase in power
required to make a turn,

2. In addition to the usual problem
of aileron drag (if conventional ailerons
are used for roll control) producing an
adverse yaw, differential ground effect
must be considered when the aircraft is
operated close to the ground. The average
altitude of the lower semi-span of the
wing (depending on the bank angle and wing
span) may be well below the height of the
outer (upper) semi-span., This leads to a
difference in ground effect on the two
wing panels, which tends to aggravate the
adverse yaw tendency. This may lead to
the requirement for a very large rudder
and/or excessive trim drag, both of which
tend to increase power required in the
turn,

ANALYSIS

No claim is made for the absolute ac-
curacy of the preceding data on weight,
power available, or aspect ratio/ground
effect; each of these topics deserve de-
tailed attention in separate papers, How-
ever, the information presented appears
to be, on the basis of experience with
the man-powered aircraft built and flown:
to date, sufficiently correct to allow
some qualitative conclusions to be drawn
regarding design goals for future aircraft
of this type.



Despite the demonstrated feasibility
(by the Southampton, Hatfield, and Nihon
machines) to fly, including the ability
to make unaided man-powered takeoffs and
controlled turns, by muscle power alone,
the Kremer prize has yet to be won and is
apparently not close to being won by exist-
ing machines, Part of the difficulty be-
comes apparent in a brief examination of
the aircraft characteristics contained in
Table 3

The Puffin II aircraft, for example,
has a wing span which is about 50 percent
greater than conventional Open Class sail-
planes, but the machine weighs less than
a third as much. It seems intuitively
clear that operating such a vehicle, par-
ticularly in a banked turn very close to
the ground, must be very difficult. In
fact, several references on existing man-
powered aircraft have commented on the
very poor handling characteristics of
these machines relative to conventicnal
aircraft and sailplanes (see especially
Ref.15, by Piggott).

It is clear from the previous discus-
sion of turn performance, that the hand-
ling characteristics of man-powered air-
craft would be greatly improved if the
size (particularly the wing span) could
be substantially reduced. It is our
opinion that the single most important
factor in the failure of all past attempts
to win the Kremer prize has been the very
large wing spans of the aircraft involved.
In retrospect, it seems that the benefits
of a large wing span in increased effec-
tive aspect ratio by ground effect aug-
mentation have been largely cancelled by
the structural and turn performance prob-
lems which such spans have introduced.

One can further speculate that sever-
al of the following problems may also
modify the theoretically achievable per-
formance of the aircraft:

1, DBeroelastic distortion (particu-
larly wing torsion) of the very light-
weight structures,

2, Distortion of the airfoil con-
tours under airloads due to the use of
non-rigid covering for the wing surfaces.

3. Less than optimum power output
from the pilot due to fatigue and dis-
traction.

It should be noted that most of the above
listed difficulties are, in part, related
to the size problem previously discussed.

Accepting the assertion that it would
be very beneficial to reduce the wing
spans of man-powered aircraft from their
present values, let us examine how this
might be accomplished. For purposes
of this discussion, consider a family of
geometrically similar aircraft with up
to four crew members as shown in Fig. 9.
Two optimum design conditions are consid-
ered here: A family of aircraft designed
to the condition of L/D with an as-

sumed value of CD = O.Biﬁ, when airfoils

without high—liftodevices are employed,
and a family designed to the condition
of minimum power, with CD = 0.015 when

flaps are used. With the®data on power

avajlable, weight, and aspect ratio pre-
sented in the previous section, combined
with the general sizing diagrams, Figs.

2 and 3, the reference aircraft have the
characteristics listed in Table 3.

Three factors in Table 3 are impor-
tant:

1. The wings of both the two- and
three-man machines are_slightly smaller
than those of a one-man machine.

2. The wing areas of the aircraft
designed to the condition of minimun
power are larger than those of the air-
craft designed for L/D__ . However, the
difference in the wingmgﬁans between air-
craft with the same crew size designed
to the two conditions, is relatively
small.

3. The cruise speeds of the aircraft
designed for L/D are substantially
higher than thos&for the corresponding
aircraft designed for the condition of
minimum power.

If one wishes to reduce the wing span
of the aircraft listed in Table 3, the
aspect ratio and/or the wing area must
be reduced. On the basis of Fig. 2 and
3, one way this might be accomplished is
by very careful design, and perhaps even
resorting to limited boundary layer con-
trol, to reduce the value of CD B o

D c8n be
varied only slightly for a ggven aircraft

however, one assumes that C
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TABLE 2. TURN PERFORMANCE

Vv = 30 ft./sec. h =15 ft. Constant velocity
turn
b = 60 ft. b =75 ft. b = 90 fc.
e 2 9 5] 9= 9 2] 9= |91 =T [g=5"| 91

Turn Radius
R ~ ft. 800 320 160 800 320 160 800 320 160
Ratio of wing 0.925 0.83 0,685 0.91 0.79 0.62 0.89 0.75 0.56
tip speeds =
v, / v

in out
Height of wing [ 157 15 15t 15 15% 153 157 15% 157
tip above . 1.05 2.62 5.2 1.3 3.3 6.5 1.6 3.9 7.8
ground (no
dihedral) ~ ft.
Spanwise 0.36 1.38 2.73 0.86 2.14 4,32 1.22 3.10 6.20
Center of Press.
Shift ~ ft.
Min. Kremer
Coursc length 1.73 1.21 1.15 1.73 1.21 1.15 1.73 1.21 1.15
(excluding
T.0. & climb) ~
miles
Time around 5.1 3.56 3.38 5.1 3.56 3.38 5.1 3.56 3.38
Kremer Course =
minutes.

TABLE 3. BASELINE MPS CHARACTERISTICS

Steady level flight at h = 15 ft,

N=1

N=2 N=3 N=4
Gross Wt. (1bs.) 255 445 620 790
me, 0.28 0.68 1.08 1.48
P x 1000 1.10 1.53 1.745 1.875
alz |a e |a je o |z
2
w/s (1b./£t?) 0.7 | o.ss| 1.4 | 1.0 | 1.8 [1.35]2.04]1.55
AR, 25 | 18 | 25 |18 | 25 [18 |25 |18
2/ uls)E 1.30| 1.s0| 1.30] 1.s0| 1.30{1.50] 1.30|1.50
o, 0.94] 1.5 | 0.94| 1.5 | 0.94|1.5 | 0.94 1.5
s (£t2) 364 | 465 | 318 | 445 | 345 | 460 | 387 |s10
) 99 | o2.5| 94 | 91 | 97 |92 |101 |96.5
AR 2.9] 18.4| 27.7| 18.5| 27.2|18.4| 26.4 |18.2
V. uiee (@RS 17.1] 12 | 24.0| 16.1] 27.3|18.8| 29.0{20.1
A. Max., L/D design.

Min. Power design.




configuration, over a reasonable range of
size parameters (provided the 1ift coef-
ficient variations remains within the
range corresponding to the value of CD

selected), examination of Figs. 2 and 2

3 indicates that a substantial increase
in the parameter P/(W/S)Z is required to
bring about an appreciable reduction in
the effective aspect ratio. To in-
crease P/(W/S)%, one may increase the
brake horsepower available, increase the
propeller/transmission efficiency, reduce
the gross weight, and reduce the wing
loading.

Using the values in Table 3 as a ref-
erence, let us consider the combined ef-
fect (or their equivalent) of:

1. A 3 percent improvement in com-
bined propeller/transmission efficiency.

2. A 10 percent reduction in struc-
tural weight.

3. Careful selection and training of
pilot and crew members such that crews
with an average weight of 130 1b (59 kg)
per man, without degradation of power
output, can be provided.

With these assumptions, two possible ways
to reduce the size of the aircraft listed
in Table 3 are:

1. ,Use the values of the parameter
P/(W/S)?, and BR_ from Table 3 and gener-
ate new values of wing loading which
should give smaller values of required
wing area than the corresponding values
in Table 3.

2. XKeep the wing areas from Table 3
fixed, and hence generate new values of
P/(W/S)% which, for a given C, results

in smaller values of required @ffective
aspect ratio.

The resulting aircraft characteristics
for the second of these two cases are
summarized in Table 4.

From these data, it can be seen that
the possibility of reducing the span by
more than 10 to 15 percent of the values
listed in Table 3 requires very great
effort in the areas of structural weight
reduction, drag reduction, and improve-

ment in propeller/transmission efficiency.

This must be considered the "convention-

al" approach to the problem of size re-
duction, and there are very definite
limits to what can be accomplished given
the present state of material and aero-
dynamic technology.

In choosing a value of wing span, an
optimum compromise must be found between
drag reduction through ground effect
(which requires large wing spans with a
structural weight penalty) and turn per-
formance. Such an optimization would re-
quire a considerably more detailed and
sophisticated analysis than presented in
this paper. However, it appears to be
very desirable to reduce the wing span
to values in the range of 60 to 75 ft
(18-23 m), If this conclusion is correct,
then either a biplane layout or some sort
of bird-type wing (mentioned previously)
begin to appear very attractive. The bi-
plane arrangement has the additional ad-
vantage of increased structural efficien-
cy compared with a monoplane,

A further point, with respect to the
bird-type wing, is that if one ever hopes
to build an aircraft of this type, with
a conventional wing, capable of operating
out of ground effect by man-power alone,
values of AR substantially higher than
those required to fly the Kremer course
will be required in order to attain the
required values of AR_. For example, the
two-man machine desig%ed to the condition
of L/D - listed in Table 3 would require
a span™8f about 114 ft (35 m), correspond-
ing to a geometric aspect ratio of 41.0
in order to maintain level flight outside
of ground effect. If values of the k-
factor in the AR _ equation could be de-
creased to 0.75 Using cambered span wings
with vaned tips, the span of the wing in
this case would be reduced to 99 ft (30 m).

SUMMARY AND CONCLUSIONS

The purpose of this paper has been to
analyze, on the basis of some first order
aerodynamic theory, the problem of achiev-
ing man-powered flight and in particular
the problem of winning the Xremer prize.
Similar analyses have been performed be-
fore, notably by Nonweiler (2, 3) and
Spillman (14), but these studies were
completed a decade ago, before any of
the aircraft designed specifically to com-
pete for the Kremer prize had been com-
pleted. Since then, a great deal of prac-
tical experience in design, construction,
and flight has been gained, mainly by



TABLE 4. CHARACTERISTICS OF IMPROVED MPAs

Steady Level Flight at h = 15 ft.

N=1 N=2 N=3 N=4
Gross Wt. (1lbs) 233.5 408 570 727
THP 0.29 0.707 1.21 1.535
avail
P x 1000 1.245 1.730 1.965 2.110
A B SR ) A B A BN
S (fc.z) 364 465 318 | 445 345 | 460 387 510
w/s (1b./£t2) 0.64 | 0.506 | 1.285/0.92 1.65 | 1.24 1.875 | 1.425
P/(W/S)% 1.555| 1.75 1.53 |{1.80 1.53 |1.77 1.53 1.77
CD 0.012| 0.015| 0.012/0.015 0.012| 0.015| 0.012| 0.015
o
ARe 20 14 20 14 20 14 20 14
b (ft) 88.5 | 81.5 84 80 86.5 | 81 90.5 85
CL 0.83 | 1.2 0.83 |1.2 0.83 (1.2 0.83 1.2
AR 21.5 | 14.3 22.2 |14.4 21.7 | 14.3 21.1 14.2
bmf (Table 3) (ft) I 99 92.5 94 91 97 92 101 96.5
zi\b/b‘__ef 10.6%| 11.4% | 10.7%|12.1% 10.8% 127% 10.47% | 11.9%
U

A. Max. L/D design.

B. Min. Power design.




groups in Britain and in Japan. On the
basis of this experience, it has been
possible to reassess the problems involved
in achieving true man-powered flight.

The main conclusions of this study are:

1. On the basis of simple theory,
and data on modern sailplanes and exist-
ing man-powered aircraft, it appears that
man-powered flight of sustained duration
in a straight line at low altitudes (on
the order of 10 to 20 ft (3-6 m) is
readily achievable with a carefully de-
signed aircraft flown by a pilot in good
physical condition. In addition, a suf-
ficient margin of power exists to over-
come a reasonable drag increase during
flight in a banked turn. Flight outside
of ground effect presents a very much
more difficult problem, and if convention-
al wing design techniques are used, would
require an aircraft with an extremely high
aspect ratio and wing span.

2, The major problem with existing
aircraft constructed to compete for the
Kremer prize is their great size relative
to their very low weight, coupled with
corresponding very low flight speeds, and
operation at very low altitude; this re-
sults in very poor handling characteristics,
particularly in banked turning flight.
Chances of winning the Kremer prize would
be greatly enhanced if the size--especial-
ly the wing span--could be substantially
reduced. Values of wing span in the range
of 60 to 75 ft (18-23 m) are considered a
desirable désign goal. The optimum value
of wing span must be determined by a very
careful analysis of the tradeoffs between

turn performance, ground effect, and weight.

3, There is an advantage in using at
least a two-man crew. Based on the assump-
tions made here, both the two- and three-
man machines are smaller than the corre-
sponding single-place aircraft. This is
due simply to the fact that by doubling
the number of crew members the power avail-
able more than doubles, but with careful
structural design the weight should not
double. It is unfortunate that no two-
man machine has yet flown to provide veri-
fication of this conclusion.

4. A conventional approach to size
reduction through weight reduction and in-
creased propeller/transmission efficiency
seems to offer only limited possibilities.
Based on presently foreseeable structural
and materials technology, our analysis in-

dicates that wings with spans greater than
70 £t (21 m) would be required for air-
craft intended to compete for the Kremer
prize. Reductions in span below this
limit would require use of more exotic
aerodynamic techniques. BAmong the possi-
bilities which should be investigated in
much more detail are:

a. A biplane configuration,
b. The augmentation in effective
aspect ratio achieved by some soaring
birds, and the ways in which aerody-
namically equivalent structures might
be built.

c. The tradeoffs between power re-
quired and performance of aircraft
using limited boundary layer control
for drag reduction.

5. Despite the limited potential for
size reduction by means of weight reduc-
tion, and improvements in mechanical ef-
ficiency, weight, and power available are
still two of the most important parameters
in the design problem. Any reduction in
weight achieved must be considered a net
gain. Similarly, increases in propeller/
transmission efficiency are equivalent
to a significant reduction in weight or
increase in power available. Thus major
efforts should be made in any future de-
signs to make substantial improvements
in these areas.

It our opinion that the Kremer prize
can be won and that efforts.to do so may
produce technological gains of great sig-
nificance to other branches of aviation.
Considerable work still needs to be done
in the areas of very low speed aerody-
namics and ultra-low density structures.
The applications of this type of technolo-
gy to sailplanes (powered and unpowered),
light aircraft with STOL capabilities,
etc., are quite clear. Perhaps competi-
tion for the Kremer prize will capture
the imagination of a sufficient number of
people to make large gains in this tech-
nology possible. One gets the definite
impression, after surveying the litera-
ture on man-powered flight, that with
just a little more effort by enough indi-
viduals, and with some improvements in
key areas of existing designs, the dream
of achieving true man-powered flight will
be turned into reality. Whether this is
true or merely an illusion remains to be
demonstrated.



RECOMMENDATIONS

In light of the analysis presented in
this paper and a fairly extensive survey
of the literature on man-powered flight
and related areas, we recommend the fol-
lowing:

1., A flight test program should be
undertaken, using a suitable aircraft,
such as a powered sailplane, to investi-
gate various aspects of flying the Kremer
course, It is suggested that the aircraft
fly the basic figure-eight course at very
low altitude with the distance between the
pylons distorted to account for the dif-
ference in speed range between the
test aircraft and representative man-pow-
ered aircraft. The flight tests should
examine the effects on handling character-
istics on varying the bank angle, and the
influence of altitude on ground effect,
particularly in turning flight. Such a
program would also be of value in train-
ing a pilot for an attempt at the Kremer
prize prior to committing the actual man-
powered machine to the task and risking
possible damage.

2. An international man-powered air-
craft society should be formed to open
lines of communication, on an internation-
al level, between individuals and groups
interested in man-powered flight, to en-
courage efforts to win the Kremer (or an
alternative) prize, and to serve as a
source of technical data for those inter-
ested in designing and/or building a man-
powered aircraft.

CITED REFERENCES

1. Shenstone, B. S., "Man-Powered Air-
craft"” in OSTIV Publication VIIT,
1966.

2. Nonweiler, T. R. F., "The Man-Powered
Aircraft," J. Royal Aeronautical Soc.,
Vol. 62, No, 574, pp. 723-734, Octo-
ber. 1958

3. Nonweiler, T. R. F., "The Man-Powered
Aircraft," J. Royal Aeronautical Soc.,
Vol. 63, October 1959,

4, Wilkie, D. R., "Man Bs An Bero Engine,"
J. Royal Reronautical Soc., Vol. 64,
No. 596, pp. 477-481, August 1960.

5. Bikle, Paul, "Polars of Eight," Soar-
ing, June 1970,

6.

10.

i B

12.

L3,

14.

1.5

Zacher, Hans, "Flight Measurements
with Standard Class Sailplanes,"
Socaring, pp. 22-27, December 1968.

Wickens, R. H., "Aspects of Efficient
Propeller Selection with Particular
Reference to Man-Powered Aircraft,”
Canadian Beronautical Journal, Vol. 7,
No. 9, pp. 319-330, November 1962,

Wetmore, J. W, and Turner, L. I.,
"Determination of Ground Effect from
Tests of a Glider in Towed Flight,"
NACA TR 695, 1940.

Wortmann, F. X., "Some Laminar Profiles
for Sailplanes," OSTIV Publication
VIII, Also Swiss Bero Revue, Septem-
ber 1963, and Soaring January 1964,

Wortmann, F. X., "On the Optimization
of Rirfoils with Flaps," Soaring,
May 1970.

Cone, Clarence D., Jr., "The Soaring
Flight of Birds," Scientific American,
Vol. 206, No. 4, pp. 130-140, April
1962.

Cone, Clarence D.,, Jr., "The Theory
of Induced Lift and Drag of Nonplanar
Lifting Systems,” NASA TR R-139, 1962.

Cone Clarence D., Jr., "The Design of
Sailplanes for Optimum Soaring Per-
formance," NASA TN D-2052, January
1964.

Spillman, J. J., "Design Philosophy
of the Man Powered Aircraft," J.
Royal BReronautical Soc., Vol. 66,
No. 623, pp. 699-712, November 1962.

Piggott, Derek, "Pedal Extremities,"
Flight International, December 1961.

UNCITED REFERENCES

Czerwinski, W,, "Structural Trends

in the Development of Man-Powered
Aircraft," J. Royal Reronautical Soc.,
Vol. 71, No. 673, pp. 9-13, January
1967.

Flight International, "Man-Powered
Round-up, "™ pp. 86l-, May 31, 1962.

(References continued on p. 35)



(References continued from p. 16)

S

10.

18N

Flight International, "Up to Date
with Puffin II," pp. 757-760, Novem-
ber 3, 1966.

Flugsport, "Mitteilungen des Muskel-
flug-Institute," Nos. 1-6, 1936-37.

Haessler, Helmut, "Man-Powered Flight
in 1935-37 and Today,™ Canadian Bero-
nautical Journal, pp. 89-104, March
1961,

McMasters, J. H., Cole, C., J. &
Skinner, D. A., "Man-Powered Flight,"
AIRA Student Journal, April 1971.

McMasters, J. H., "The Optimization
of Man-Powered Aircraft," AIRA Paper
No. 71-798, July 1971,

Moulton, R. G., "Muscle-Power," Aero-
modeler Annual, pp. S58-63+, 1964-65.

Moulton, R, G., "Man-Powered Flight,"
American Bircraft Modeler Annual,
pPp. 18-29+, 1968.

The Royal Reronautical Society, "Man-
Powered Flight-Regulations and Con-
ditions for the £10,000 Kremer Com-
petition,™ March 1, 1967.

Shenstone, B. S., "Man-Powered
Flight: State of the Art," Flight
International, pp. 325-327, February
27, 1964.

T2,

13

14.

15.

18.

Shenstone, B. S., "Unconventional
Flight," J. Royal Aeronautical Soc.,
Vol. 72, No. 692, pp. 655-660,
August 1962,

Sherwin, K., Man-Powered Flight, Model
& Allied Publications Ltd., 13/35
Bridge St., Hemel Hempstead, Herts.,
1971,

Wilkinson, K. G., "The Design of Sail-
planes for High Performance," Aircraft
Engineering, pp. 263-271, September
J951,

Williams, David; Marsden, Anne; and
Lassiere, Alan, "Southampton's Man-
Powered Aircraft," Flight Internation-
al, pp. 787-788, November 23, 196l.

Williams John and Butler, Sidney F. J.,
"Aerodynamic Aspects of Boundary Layer
Control for High Lift at Low Speeds,"
J. Royal Reronautical Soc., Vol. 67,
No. 628, pp. 201-203, April 1963.

ACKNOWLEDGMENTS

The authors (McMasters & Cole) would

like to thank the members and staff of the
Mid-West Free University for their en-
couragement and assistance in the prepa-

ration of this paper.

In addition,

Mr. McMasters would like to thank Profes-
sor G. M, Palmer of Purdue University for
his encouragement and suggestions during

the preparation of the paper.



