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HOTATION
Geometric Aspect Ratic = B7/S
Effective Aspect Ratio = AR/k
Wing Span, £t (m.)
Brake Horsepower; defined at tha
interface between the man and the
machine., 1 BHP = 550 ft-1b/sec
(76 kg-m./sec)
Total Drag Coefficient
Parasite Drag Cocfficient (a
function of Reynolds number and
angle of attack)
Induced Drag Coefficient =

]_' "19' 7 T-P
Ko LHJ_J /TR

Trim Drag Coefficient
"hero Lift" Drag Coelficient
Lift Coefficient

Drag Force 1b (kg) D = EpVZCDS

"Oewald” or "Mirplane™ Bflicien-
¢y Factor

L=

(&

1 (O 0

MJA,C.

Span Efficiency Factor (Wing
LBlone)

Helght of Rercdynamic Center
(a.c.) of the Mean Berodynamic
Chord (I.h.C.) of the Wing Bbove
the Ground. It (m.)

: )
Lift Forece, 1b (kg) L = %pV CLS

Specific Power THP/W

Humber of Creow Members

Turn Radius, £t (m.)

Wing Area ft2 (mE)

Thrust Horsepower THP = 7BHP
Velocity f£it/sec (m./sec)

Gross Weight, 1b (kg)

Combined Propeller/Transmission

Efficiency T = o T Mg

il

Sea Level Bir Density 0.002378
slugs/ft” (0.125 kgm/mJ)
Bank Angle deg.

Aerodynamic center

Mean derodynamic 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 Lor 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
pericd., Sufficient interest in man-pow-
ered flight was stinulated 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 [ield solely by human muscle
power, The rules further stipulate that
the starting line (which is also tc be

the finish line) be crossed at a minimum
altitude of 10 £t (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. DNo limit is set on the number of
crew members, The competition was origi-
nally open only to citizens of the British
Commonwealth.

An excellent historical survey of seri-
ous past attempts to achieve man-powered
flight, and the status of projects inten-
ded toc compete for the Kremer prize, up
to February 1966 is contained in Shen-
stone’s paper (1), 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
Kremer Competiticon 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.3, 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 Aero-
rautical 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 "ceonventional" aircralt capable
of competing for the Kremer prize have
been undertaken. O0f these designs, about

a dozen have been buillt and at least seven

have successfully flown following unaided
man-powered takeolffs, 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. Tt
appears, howevey, that man-powered heli-
copters have little chance at present to
£ly far enough out of ground effect to
successfully compete for the Kremer prize.
While showing some promise aerodynamically,
ornithopters must necessarily be rather
corrplex mechanically; and, considering the
present state of materials and structural
technology, they must be considersd a very
marginal prospect at best. AU least in
the near future, one is probably best off
concentrating on a more-gr-less conven-
tional aircraft layoul to soclve the prob-
lem,

Despite all the recent activity in the
field, much of it by teams of very compe-
tent engineers, the Kraemer prize dppears
to be a long way from being won. &As 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 Availahle

The logical place to begin & 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. Portunately, a considerable amount
of experimental work has beer done on
this subject, much of it directly related
to the problem of man-powered flight.

Very extensive experiments were con-
ducted at Ursinus' Muskelllug-Institute
at Franklort, largely by Gropp, during
the mid 1930s. Grepp 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 walue in that
it considers only the first two minutes
of exercise, and the subjects were mainly
Forthern Europeans; no information on pos-
sible wvariations due to ethnic factors was
given. OGropp's conclusions were that
pedaling was probably the most elficient




mzans of powsr exltraction and that a sub-
ject in average physical condilion was
capable of preoducing on the order of 0.4
BHP after about two minules' exertion.

Later analyses by Nonweiler (2, 3) and
Wilkie (4) extended the > Epan Lo s5ev-
eral hours. Wilkie concluded that for
champion athletes, the steady stale work

u*put For exercise durations from 5 to

50 minutes was 0.4 to 0.5 BHP, limited
"WﬂLlTi by the ability of the body to
absorb and tranapOPt oxygern, In addition,
for short pericds (0.1 to 5 minutes) up

to 2 BHP could ke produced, for a total of
0.6 HP-minutes, by hydrolysis of chemical
substances stored in the muscles, This
proce would, however, entail going into
"oxygen debt."  An ordinary healthy indi-
vidual should be able teo preoduce 70 to 80
percent of Lhe
The results of Llﬁ JLJLLus—Gropp experi-
ments and Will 5 are shown in
Fig o«

- e

The power levels given in Fig. 1 (as-
suming p ing as the best method of
power extracition) are more-or-less gener-
ally accepted and have been experimentally
ified severdl groups who have built
or dare building man-powered aircraft. Two
: remain largely unanswered, des-
body of experimental data: (1)
ran capable of developing his full
der potential while suspended several
[eet 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 ol controlling the aircraft, spocili-
cally, around the Krarer Competition
course? A further praggical di[f*@u]ty
arises in trying to find a first-rate
pilot who also happens to be a champion
athlete.

O the
we proposc the folLu
power cquations, assumi

above d;zcussion,
set of possible

(1) The pilot is in average physical
condition and for purposes of i
Lhw hYLH‘I Competit

T ical training pr|:
1= state puyer ouvtput ror
iods of 3 to L0 minutes is assumed o
4 BHP, degraded to VdeUUE assumad
v Lhe need to concentrates on fly-

e values according to Wilkie.

[

(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 10D minutes may LC expected if addiu
tional crew members need rot concentrat
on flying.

0.50 (N-1) 1.1

This assumes no degradation in pilot
performance with exercise,

BHP available = 0.40 +

50 (N-1) 1.2

This assumes 25% degradation in
pilot performance with exercise,

BHP availlable = 0.30 + 0.

BHP available = 0,35 + 0,50 (N-1) 1.3

A compromise betae 11 the assump-
tions of 1.1

Powsr Required

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

W - ;
??BHP G - (2)

e Ea.” 550 L/D.

REQ

hn alternative representation is possible
if one eliminates the velocily by use of
the definition of the 1ift coefficient,
and the fact that in level flight the 1ilt
dpproxXimately 2quals the weight., In Chis
Torm:

172 2
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For purposes of the present analysis,
has been assumed that the drag polar
Tor the aircralt can be approximataed with
sufficient accuracy over a limited range
of 1ift coefficients and Reynolds number
by the paraholic relation:

C.=C.+C_.+ C (4)
Y Dp Dy OrRim

2
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TABLE 1. CHARACTERISTICS OF SELECTED MAN-POWERED AIRCRAFT
Type, Country, First Flight Wing Span  Wing Area  Aspect Empty Wt. Leaded Wt, Wirg loading Reference
. (m.) fr.2@m.2)  Ratio lbs. (kg.}  1lbs.{kg.) 1b/ft2 (ke /nd)
Haessler-Villinger "Mufli” 44,3 104 18.8 81 246 2537 Yo lky 17
GCermany -/1935 (13.5) (9.65) (36.7) (111.5) (11.5)
Bossi-Bonomi "FPedaliantce" 55.8 230 13.4 215 358 1.56 17, 11
Italy -/1936 (17.1) (21.4) (97.5) (162) (7.60)
Southampton "SUHPAC 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
Hatficld "Puffin 1" 84.0 330 21.4 110 250 0.74 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 7, 11, 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)
"M Mlinnet IT" 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) (2.74)
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 :I!0.0 146 438 .08 16, 10, 11
G. Brit. (No flights) 1964 (27.4) (37.6) (66.2) (158.5) (5.25
Otcawa 90.0 450 16.0 165 450 1.00 5, 10, 11
Canada -/1972 (27.4) (51.8) (74.8) (204) (4.87)
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Using this approximation, ons obtains the

nsual results that:

K Gr

C, = —k-
o,” AR

Tor L/D max (nax glide
angle)

(5)

JS_EQ;_ Tfor minimum power (minimun
% 31 AR

sink rate)

4, and 5 together and
ipecific power P, we may

syetom of units):
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SPECIFIC POWER AVAILABLE AS A FUNCTION OF THE NUMBER




W= 140 ¥ + 60 NO*73 A

Optimistic, Small Aircraft
o WL =

W= 140 ¥ + 115 K920

Present state-of-the-art

125 N0-%6 7.3

, Large Aircraft

Bquation 7.2, for example, gives &

- of 255 1b (115 kg) for a one-man
machine; 445 1b (220 kg) for a two-place
aircrait; 620 1b (280 kg) for a crew of
' and s¢ on, Now combining Eq. 7

.. 1, assuning 7 = 0.8, a plot of
power available as a function of

e numhber crew members can be made,
as shown in Fig. 4, The important con-
clusion to drawn from Fig. 4 is that
regardless of the optimism or pessimism
of the ht and power available esti-
mates, & clear gain in available specific
power is achieved by increasing the crew
¢ from one to two. The specific power
available continues to increase with in-
creasing crew sizej; however, the curves

i to flatten after a crew size of two
men has been reached and it seems unprofl-

itable to consider aircraft with crows of
more than three or four men., The full im-
portance of the above conclusions should
become clear in the later analysis when
Lthe geometric size of the aircraft is con-
gldered. For comparison with Figs. 2 and
3, it is convenient to plot the quantity:
specific power available divided by the
sﬁuuro root of the wing loading, against
wing loading for varicus values of crew

size, B representative graph of this
sort using Eqs. 1.2 and 7.2 is shown in

Fig. 5. Figure S shows that at a given
level of available P/(W/5)-, the allow-
able wing loading increases with an in-
crease in crew si , the largest jump
again cccurring between a one-man and a
two-man craew,

GROUMD EFFLCT AND CFFECTIVE ASPECT RATIO
B brief comparison of Figs. 2, 3, and
5 shows Lhat unless the wing loading andg/
or the weight are kept low, or the effec-
tive aspect x 0 1s very {

large,

rily with date
quations are sufl Y

to demorstrate the salient points

to be breught oul in the succeeding araly-

sis,

Fortunately, the Kremer Competition rules
specify that the aircraft cross the start-
ing and finishing line at an altitude of
only 10 £t (3.0 m). Thus if the span of
the wing is sufficiently large, a corsid-
erable increase in effective aspect ratio
may be obtained from ground effect. The
dugmentation of aspect ratio shown in Fig,
6 1s 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. & have been substan-
tiated ( 8 ) for wings with aspect ratios
up to about 8. HNo reference has been
Tound, 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 IR, 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 adinp-
craft layout. From this information, it
is possible, by adjustment of the Reyneolds
numbers down to the range anticipated for
man-powered aircralt, to estimate the ap-
propriate k values as a function of aspect
ratio, assuming airfoils with drag char-
dcteristics similar to the Wortmann series
(9, 10). It is further assumed that the
factor k. (k_ outside of ground effect)
has a valde of 1.05.

For purposes of the present paper,
values of ARg at an altitude of 15 ft
(4.6 m) (assuming the bottom of Che air-
craft is 10 ft (3.0 m) above the bottom
of the aircraft) are shown in Fiy. 7 wi
villues of geomctric aspect ratio used as
d parametor, The genepating equation for
Fig. 7 is:

the

AR

(8Ba)

(8b)
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(for MW see Fig, 6)

vialues of effcctive
c0n°1dcrud to be represerntati
attainable with an aircraft similar in ldy-
out to a conventional high-performance saile
plans but having a relatively bulky fusc-
lage,

cot ratio are
vo of those

is worth noting that on the basis
work of Cone (11,12,13), it appears
values of h” 'u)&ta1twaji} less

an urlLv1mu’ been ac 1 by some
:0aring birds, This effect has apparsntly
en obtained through the use of a combi-
:tior of spanwise camber and what may be
described as Tlexible wvaned pancls nesap
the tip of the birds' wings. Such devices
serve axtensive investigation, particu-
larly for possible application to
point design" aircraft such the
powered aircraflt.

CAJ

TURN PERFORMANCE

sd 3

good
ficulties
to be anticipated in attempting to make
the

Spillman (14) has presen
preliminary analysis of the d

turns required to negotiate the Kremer
The major difficulties are the
roll and yaw moments (and consc-
rge values of trim draq and re-
aileron power) produced when opepa-
very large sparn, l_gnt 2ight air-
in a banked turn clesce to the ground,
nature of the preblem can be illustra
ced by considering some of the nunerical
results of Spillman's analysis. The major
variables influzncing the tuening perform-
ance (assuming a s ', constant altitude
turn) are the wing sg speed, altitude,
and bank angle. The turn performance is
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1. ‘When the wing span of the air
craft becomes a significant percentage of
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to smaller turn radii and Lo an increasc
in the difference in velccity acting on
eacl section of wing across the span. For
oxample, with the 90 £t (27 n.) span wing
in a L0 deg bank, the outer wing tip is
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espite the demonstrated feasibility
(by the Southampton, Hatfield, and Mihon
machines) to fly, including the ability
to make unailded man-powered takeolfs and
controlled turns, by muscle power alone,
the Kremer prize has yet Lo be won and 1is
apparently not clese to being won by oxist
ing machines, Part of the difficulty be-
comes apparent in a brief examination of
the alrvrafL characteristics contained in
Table 1.

The Puffin IT aircralt, 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 wvehicle, par-

ticularly in a banked turn very closs to
the ground, must be very difficult, In
fact, several references on exdsting 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).

Tt clear from

is the previcus discus-

sion of turn performance, that the hand-
J11g characteristics of w;n-bgu_'ed air-
would be greatly improved 1t ths
= (particularly the wing span) could
be substantially reduced, It is our

opinicn that the single most important
factor in the failure of all past attempts

to win the Kremer prize has been the veny
large wing spans of the aircralt inveolvead.
In retrospect, it seems that the benefits
of a largs umng span in increased eflec-
tive aspect ratio by ground effect aug-
mentation have heen largely cancelled by

tha uLfU“Ldrll and turn perlfornance prﬂb—
lems which such spans hawve introduced,
One can further speculate thalt sever-
al of the following problems may also
modify the theoretically achievable per-
formance of the airvcraft:

1.
larly wing torsion) of
welght structures,

Berpelastic distortion (particu-
the wvery light-

2. Distertion of the airicil con-

tours under airleoads dus to the use of
non-rigid covering for the wing surflaces,
5, Lezss than optimum power culpu

from the pilot due to fatigue and dis-

traction.

(I

(o]

P
L

ths above
a:t, ralated
dizcussed,

It should noted of
listeg difficult:

to the size prob

that

sertion

Beoeepting the as

be very beneficial tc reduce the w
spans of man-powecreaed reraft i“Ow
present values, let us examine how thl“

might be accomplished.
of this discus:

geometrically si
to four

For p”DpO“P“
der a family
ﬂLh Lp
1own in Fig. 9.
id-

orety ]F‘Q}H

Larr'
Two optimwn design conditions are cons

ered here; N family o’ aircraft designed
to the condition of L/ with an as-
sured valua of CD = U. 12, w airfoils
without kLgh—Wiftudevﬁces are zmploved,
and a family designed Lo the condition
of minimwn power, with C = (.015 when

5 2 D
Flaps are used., With
available, weight,

o
the data on power
and aspect ratic pro-

sented in the previous section, combined
with the general sizing diagrams, Figs.

+ho reference aircraft nave the

listed in Tahle 2

2 ang 3,

characteristics

‘hree Tactors in Table 2 arc

tant:

impor-

wings of both the two- and
are slightly smaller
a4 ons-man machine.

1. The
threse-man machines

than those of

2, The wing areas ol Lhe aircrait
designed to the condition of mindis
power are larger than those of the air-

cralt designed for L/D_. o0 However, the
difference in the wing spans between air-
craft with the same crew size designod
to the two conditions, is relatively
sirall,
8. cruise speeds of the air cralt
ocorre ‘"r}f) 11T

concdition ol

minimum o

IL one w reduce the wing span
of the aircraft listed in Tsbhle 3, the
aspect ratio and/or the wing area must
be recduced. On the basis of Fig and
3, ona ¢ b2 dccomplished
by vary ard perhaps

bouncary layver con-
wvalus of C . IL;

resorTin

Crol: To pe

that C

however, ons assumes

varisd only slightly for a
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FIGURE 8. NOTATICN AND TYPICAL INFLUENCE ON WING SPANWISE
LOAD DISTRIBUTION FOR LOW-SPEED TURNING FLIGHT
CLOSE TO THE GROUND

FIGURE 9. TYPICAL TWC-PLACE HIGH PERFORMANCE MAN-POWERED
AIRCRAFT (THE GREAT SPECKLED BIRD)
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TABLE 2. TURN PERFORMANCE

¥ o= 30 ft,/eec, hom= 15 ft. Conotant velocity
turn
b= 60 fr. h =15 ft. oo=90 f
q.,mz"l ¢=5”! q)-_,w“ @uz‘) cP:-J‘:’ (?=.1g"" LP-..;," ?‘.5” @ = 10
&00 azn 160 B 320 160 | doo Jzn 1E0
itio of wing | 0.925 0,83 0,685 0.91 G, 79 0.62 G B9 0.75 .50
tip speeds - !
v
L.
in out |
+ 1 o 4 + + i o
ight of wing || 15 152 157 157 5% 158 15% 154 157
ove 1.45 2.62 i Tigid 3.3 6.5 1. .4 7.8
pround {no
dihedral) ~ fE.
1.38 2.13 O.86 2,14 4,32 1.22 3.19 6,20
Min, Krew ] i
i1.¥3 | 1.21 1.15 1.73 1.721 l‘ 1.15 | t.73 | 1.2 1.15
S n ; | i
T & climb) ~|| t ;
miles ! t |
I o }
around Sl 3.58 3.38 5.1 3.56 3.348 6,1 3.5a 3.36 ‘
aer Course = !
minutes.
| |
I j |
TABLE 3. BASELINE MPS CHARACTERISTICS
Gteady level flight ot h = 15 ft,
Nl Ho=2 H=1 Womoa
Gross We, {lbs.) 255 445 G20 Fua
LS .28 0.46 1.08 1.44
T x T0CD 1.10 j 1.745 1.&875
A A A A A 4L A el
WIS (b f1e™) BE 0.57 0 1.4 1.0 1.8 |1.35] 2,04 | 1.55
,-\.-{E 25 | 18 25 1d 5 18 25 it}
& i i
RGN ! 1.307 1.50| 1.30| 1.50 | 130 | 1.50
e: .54 1.5 0,94 | 1.5 1.5
1 ? ;
§ (£t i b | 4ES 318 445 87| 510
| | |
bo{Iy) ‘ ug 2.5 44 41 97 G2 101 | 46,5
ARm ‘ 26,90 la.4 27,7 18.5| 27,2 ta.4] 26.4 | 18.2
¥ {mph.) I 171 12 | 2.0 16.1] 27.3 0188 29,0 201
crulso : |
it I ] L b
A. L/D desipn.

e Min. Tower design.

-




configuration, over a reasonable range ol
size parameters (provided Che lift coef-
Ficient variations remains within the
range corresponding to the value of CD
selected), examination of Figs. 2 and °
3 indicates that a JLbPLHntwal nerease
in the pgrdmetow P/(W/5)2 12 required to
bring about an appreciable reduction in
the offective aspect ratio. To in-
creasc P/(W/S8)?, one may increase the
brake horsepowser availables, increase Lhe
proae'Lorft nsmission efficiency, reduce
5 welght, and reduce the wing

|oaanJ

Using ths values in Table 3 as a ref-
erence, let us consider the ﬂomhined af -
fect (or Lheir equivalent) of:

Ly B3 pe” ent improvemsnt in com-
bined propeller/transmission efficicney.

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

3, Careful selection and urquLﬁq of
pilot and crew members such Chat cre
with an average weight of 150 1b (5
per man, without degradaticn of power
output, can be provided.

With Lhese assunptions, Cwo possible ways
o reddce 5 siwe of the aircrafi listed
irn Takle 3 arve:

1. ,Use the values oi the paramcter
F/(W/8)%, and BR_ from Table 3 and gener-
ate new wvalues ol wing leading which
should give smaliler wvalues of required
wing area than the corresponding valucs
in Table 3.

2. Keep the wing arcasz from Table 3
fixed, and herce gQLoLaLe new values of
P/(wW/8)Ys which, for a given CD results

maller values of required 2ffective

231}
aspecl ratio.

csulting aircraft characte at
for thoe sccond of these two cascs adre

summarized in Tahls 4.

From thess data, it can be
the peossibility of reducing
more than 10 to 1% percent ¢
listaed in Table 3 requirss v
affort in the arcas of stru
reduction, drag reduction, ard lmprao
ment in propel
This must be

i

the "convention-

ansmission el ficiency

al™ approach to the probl:
duction, and there ars vary

vodalfinite
limits to what can be accomplisheg
the present state of material and a
dynamic technology.

In choosing a valuc of wing span,
optimum compromise mt be Tound botwor
drag reduction through ground sflcct
(which requirss large o spane with a
structural /) and turn per-
formance. & an oguiniﬂﬂ“ion would re-
quire a considerably more detailed and
sophisticated analysis thar presented in
this paper. lowever, it appears to hbe
very desirable to reduce the wing s=pan

to wvalues in the range of 60 to /s fL
(18-23 m)., If this conclusion is correct,
then either a hiplane lavout or some sort
of bird-Lype wing (mentioned previcusly)
begin to appear very atlractive. The bi-
plane arrangement has the additional ad-
vantage of inereascd structural ellficier-
oy compared with a monoplans,

¥

A -u"Lh r poi

T, wilh respe
bird-t 5] :

; is that i one
to build an qubidnf of this &y
a conventiconal s capable of opera
out of ground ellect by man-powor alons,
values of BR substantially higner than
Those reguired 1y Lhe Krorer courss
will be r L3 in order to attain {
requivea values of AR . For example
Two-man machine dﬂfigﬂod to thne corx
ot L/D listed in Table 3 would recuirc
4 span "8f aboul 114 It (35 m), correspond
ing to a geomeLflv JSpDCt ratic ol 41

in order to mair lewve

ol ground effectl
[acter in the IR
0. 75

ation could

creasad camborod

Lo

SUMMARY AND CONCLUSIONS

The purpess of Chis ps
analyze, on the basis of

aerodynamic t

WAinning
have heen s
(7, 5) and
2 studiss wore
o, bafore any of
ilicall :
h

had

ploted.
Lical

and I




TABLE 4. CHARACTERISTICS OF IMPROVED MPAs

Steady Level Flight at h = 15 ft.

N=1 N=2 H=3 HN=4
Gross Wt. (lbs) 233.5 408 570 727
me 0.29 0.707 1.21 1.535
P x 1000 1.245 1.730 1.965 2.110

A |n | |z A jp |a |z

s (££.%) 364 | 465 | 318 |44s5 345|460 | 387 | 510
W/s (Ib./£t%) 0.64 | 0.506 | 1.285/0.92 | 1.65|1.24 | 1.875| 1.425
B/ /Sy 1.555| 1.75 | 1.53 |1.80 | 1.53|1.77 | 1.53 | 1.77
B 0.012] 0.015 | 0.012|0.015 | 0.0120.015| 0.012| 0.015
ARZ 20 | 14 20 |14 20 |14 20 14
b (ft) §8.5 81.5 84 80 86.5 | 81 90.5 85
., 0.83 | 1.2 | 0.83 |1.2 0.83 |1.2 | 0.83 | 1.2
AR 21.5 | 14.3 | 22.2 |14.6 | 21.7]14.3 | 21.1 | 14.2
b (Table 3) (£t) 99 | 92,5 | 94 |91 97 |92 101 | 96.5
Y 10.6%| 11.4% | 10.7%(12.1% | 10.87 12% | 10.4%| 11.9%

A. Max. L/D design.

B, Min.

Power design.
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cone.
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and data I Gl
ing man-po aircraft, it dDDLaYQ LLQL

man-powered [light of sustained duration
straight line at low altitudes (on
of 10 to
zadily achievabl
signed aircraft [lown
physical condition.
ficient margin ol power. exi
come a reasonable dr:
flignL in a banked turn. outside
of ground effact presents vary much

more difficult prokb i convention-
al wing design techniques used, would
raquire an aircraft with an extremely high
aspect ratio and wing span.

in

Lhe ord

y de-
in aood
a suf-

to ovar-
guring

a6

ara

2. The major problem with
aircraft constructed Lg c;rpat
Kremer prize is their
heir very low L

oparation
sults in wery poor

in

?

handling characteristics
particularly 1 turning flight.
Chan of winning : 2 p.ri_".e '
JJ_’\J. 1y enhanced if the size :
\pan——uould subs

g of wing span

LarLLul"
in the range
3 m) are considered a
ign goal, The oplimuwn value
must be determined by a very
tradeoiis belwean

gilect, and

TE Li
reduced,
ol 60 to
desgirable :
ol wing span
careful analyvsis ol the
turn performance, ground
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iz an advantags in using at
two-man crew. Based on the assump-
hersj both the two- and throe-
are smaller than the corre-
le-place aircrait. This is
tu the fact that by
of crew members the
: than doubles, but with careful
ral design ths weight should net
IL iz unfortunate that no t©
has t flown to provide
this conclusion.
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doubling
power avail-

'.-?O -
Vorl-

fivation of
& conventional
0O L] o (" 'I W 5 nkE
i qup“‘lﬁxftranun“

only 1 p
ntly foreseeable structural
technology, our analysis in-
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that with spans ater than
be required for air-
internded to compele for the Xremer

Reductions in span below th
would require vse of mora
ramnLe t_'“"‘ N1ques. 1'-';[ Hleagte|
15 ich should be _Jv”“f]JﬂL
moroe detail are:

dicats
70Ot
crafi
orize,
limit
aeraoq
biii

much

3 WINgS
(21 m) would

gre

exoti

a. B biplane configuration,

b, The augmentation in elffective
aspect ratio achieved by some sodring
birds, ard the ways in which aerod
namically ecquivaleont structures might
be builtl.

¢, The tradeoifs helween power re-
quired and performance of aircraft
using limited boundary laver control
for drag reduction.

the limited potential for
by means of weight reduc-
rovemaents in mechanical ef -
ight, and power availables are
wo of the most important paramet
design problem. &ny reduction in
achieved must be considered a net
Similarly, increases in propeller/
sslon efficiency are egquis
gnificant reduction in weight or

G-

Lranami

increase in power available. Thus major
efforts should be made in any future de-
slgns to make substantial improvements

in these areas,

Itz

Ty

our oplnion that the
carn won and that clforts
produce technoleogical gains
nificance to other branches aviatiaon.
Considerakb work sUill needs to be done
in the areas of very low speed asrody-
and ultra-low density structures.
: of this type of technolo-
ilplanes (JQJCPJU and unpowered),
qunt aircraft with STOL capabilities,
agtc., are guite 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-
nolnjy possible, One gets Lhe definite
lmpression, arter surveying Lhe litera-
ture on man-powered flight, that with
just a little more elfcrt by enou i
with scme improvement

viduals, and

key areas ol existing designs, t.e d
of acl Dving trus man-powered £light will
be turned into realily. Whether this is
trug or merely an 1llusion remains to be
demonstrated,

Xremer prize
to do so may
 great sig-

e

namics

e




RECOMHEHDATIONS 6. Zacher, Ha

ns, "Flight Measurements
with Standard Class lare
In light of the analysis presented in Soaring, pp. 22-27, December 1968,
Ciis paper and a Ifairly extensive survay B ey )
ol the erature on man-powered flight Wickens, B, H., "Bspects of Efficient
and related arcas, we recommend the £ Propeller Selection with Particular
lowing: Relference to Man-Fowered fircraft,”
_ _ Canadian Feporautical Jeurnal, Vol. 7,
1. A flight test program should be No. 9, pp. 319-530, November 1962.
undertaken, using a suitable aircraft, T :
such as a powered sailplane, to investi- a
gate wvarious aspects of flying the Kremer )
=sted that the aircraft

|

i Turner, L. T.,

Crounc Effect from
in Towed Flight,"

course, It is suw

fly the basic figure-ecighl course at very ACH TR OE95. 1940,

low altitude with the distance between Lhe -

pylons distorted to account for the dif- 9 Wor nr, F. *., "Socme Lamin FProfiles

ference in Spoﬂd range hetween thao Tor hd|JT|‘ 5,1 QSTIV ?UblicdtLUJ
aircrafit and representative man-pow- VIIT, -
>d aircraft. The flight tests should EEE“LQ

axaming the effects on handling characler-

istics on varying the bank angle, and Llhe 10. Wortmann, F. A., "On the Optimization

influence of altitude on ground effect, of Birfoils with Flaps,™ Soaring

particularly in turning f£light. Such a May 1970. -

program would also be of value in tral i

ing a pilet for an attempt at the Xremep 11. Cone, Qlarence D,, Jr,, "The

prize prior te committing the acltual man- Flight of Birds," Sc lalL-fjc

powerad machine to the task and risking iy 206, ¥o. 4, pp. 130-140,

possible damage,

..\I ’_1 .

i

2. An international man-powered air- 12. Cone, Clarence D., Jr.,
craft should be formed Co opsn of Incuced Lift and Draq
lines of comrunication, on an internation- TafE=ino Susters .t HAS
al level, betwsen individuals and groups HiRing Syshens;
- man-powered I[light, Te en- 1% Core Clarence D., Jr., "1 Design of
courages forts to win the Kremer (or an lanaes for Optirum Soaring By
alternative) prize, and Lo serve as a Il‘)I""ndTlC-.d." NESE N D-2052, \JELHT"F:.I_ELI'}’:
source of technical data for those inter- . '
ested in designing and/cr building a man-
powered aircraft. 14 qullmdl_ J. J., "Desic
= lan Powered Bipcrall," J.
ar@nduticuW So
Dp. -712
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