maximum deviation of the trajectory of the ope-
rator and the glider from the rectilinear trajec-
tory of the centre of gravity of the system as a
whole and, more accurately speaking, the oscilla-
tion node,is equal to the amplitude of deflection
of the suspension springs+ from the equilibrium
position.It depends on the ratio of the weight of
the operator W4, to the weight of the wing ¥o so
that

2 " /10/

This means that,if the weight of the wing decrea-
ses, its amplitude increases and the amplitude of
the pilot decreasss,
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Fig.8 The flight path 1 of the gravity centre of
the pilot-glider system and the paths of
motion 1, 12 of the gravity centre of the
pilot ana thé glider: a~ in simple glide
without oscillation, b- in glide with na=
tural oscillation of the glider and the
elastically suspended operator, c~ in pro-
pelled flight during climb

Now,if we are concerned with the period, it is
obvious that natural harmonic oscillation of non-
-propelled wing has equal half-periods of 0.5 tp.
If energy is supplied by appropriate repeated
action of muscles of the legs, the trajectories
take for climb a form as shown in Fig.B8c.The dot=
ted line marks the segment of the wing pathcorres—
ponding to the propelling stroke,Thin lines show,
for comparison, the trajectories under conditions
of natural oscillation.

During the working stroke the pitch angle of
the glider must be decreased by precise control
in order to preserve the optimum incidence angle
of the wing., This control must be effected by the
hands of the pilot who acts on the control frame

6, Fig.5., The control of propulsion is simulta-
neous with that of altitude and consists in dis-
placing the control frame forwards thus 1ncreas-
ing the pitch angle and back to decrease that
angle, Good longitudinal self-stablility will ena-
ble automatization of these operations,which will
facilitate piloting.

V. Dynamic of Wing Propulsion

The most essential for wing propulsion is that
fragment of the cycle /the propulsion stroke/, in
which the pilot exerts a force on the trapeze,
thus accelerating the wing downwards in a direc-
tion transverse to the flight trajectory. lhis
action must be done during the mutual approach of
the two masses, those of +the operator and the
glider which, except of the particular case of
F, = const. already described, produces usually
increased transient dynamiec load on the wing
which will operate, at an increased angle of in-
cidenceoc .

Fige.9a explains that this will result in an
increased vertical component of the aerodynamic
force F$> W and an increased resultant Fg, To-
gether with the forward inclination of the vector
F5 this will produce a thrist component Fg. With
more active control the force Fy will be smaller
but its forward inclination will be greater, On
the other hand, with reticent control, no control
at all, or negative control,the force F, will in-
crease considerably /until stalling occurs/ with
backward inclination, thus giving even a negative
component,which increases the drag.Then, the pro-
pulsion power will be used for braking the flight,
which may be done during landing, for instance.

The variability of the force Fp during a sim-
ple cycle in the particular case of Fy - /iT+Wp/=
= Z is represented in Fig.9b. The force F;, which
is shown,is the transient total aerodynamic force
acting on the wing, Its vertical component Fy is
equilibrated by the reaction R composed of the
impulse force of propulsion Z, the tension of the
springs iT produced by the mass forces of the
weight of the operator Wq, and the weight of the
glider Wp, The variation of the force Z is repre-
sented in Fig.9b by a dotted line and the direc-
tion of the force F, is marked by inclined arrows,
which means that its value should be read in the
variable oblique coordinates Fg,f « It is obser-
ved that, in the control method considered, the
load factor of the wing passes through a value of
n =1 at the middle point of the climbing phase,
at which the tension force of the springs |is
equal to the weight of the pilot Wq. A maximum
n = 2,5, which is considerable, will occur in the
middle of the phase of wing acceleration during
the propelling stroke.

The diagram of Fig,9b enables us to determine
the variability of the horizontal thrust +F and
the drag -F, for the entire cycle by determining
the component of the force Fy in the direction of
the axis, As a result we obtain the diagram in
Fig.gc, which shows that positive values of F
representing the thrust occur during a small part
of the cycle and the condition of horizontal
flight is

il

Fg dg =0 /11/
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Fig.9 Variation of the main parameters per one
propulsion cycle, if the propulsion force
Z is equilibrated by an increase in the
vertical asrodynamic force Fy: a- the tra-
jectory and the position of the wing for
several phases of moiion, b- variation of
the magnitude and the direction of the for-
ces acting on the pilot-glider system,
¢~ variation of the thrust and the drag,
d- variation of the pitch angle of the
glider, e- variation of the angle of inci-
dence of the wings

The variation of the angle pp required in this
case which determings the way of wing control is
illustrated in Fig,9a and,in Fig.9d.The variation
of the incidence angle is represented in Fig.9e,.
The latter diagram shows the disadvantageous
variability range, which is considerable, of the
incidence angle of the wing, if the control is
realized according to the principle Fx-/iT+H2/= Z
that is with immediate equilibration of the force
Z by an increased force Fye

Figs10 represents, for comparison, the same
quantities as in Fig.9 for another particular con-
trol method, with constant force Fe2> iTpayx + Wo.
Comparison shows that this way of control will be
much more advantageous from the point of view of
propulsion efficiency, owing to the possibility
of the wing being operated at a practically con-
stant optimum incidence angleoc and because the
force Fy is constant and the force F, is almost

constant.In addition,the small constant load fac-

| TRl iy
[ ____________._l! -—t
a
R
E 2 T rlrx IJAERRERREE R 'Xffj" |
=k B “'Eq%}‘l%\tl‘ IW'-!s
1 Ll tggl)l
R
b
o -8
et ¢ s
+ﬁj
T e
T " == —

a
i . =
+ . _.._.g
€
Fig.10C Variation of the main parameters for one
propulsion cycle in the case of constant
vertical aerodynamic force FS. Hotation

as in Fig.9

tor n is also of advantage. The latter feature is
very important for the practice, because it ena-
bles the use of a lighter wing with the same sa-
fety margin of the structure,

Figs,9d and 10d shows that
of the propulsion type with

meore advantageous, wing
control with a wider wvariability range of the
pitch angle P of the glider is necessary, This
cyclic control must be accompanied by flight con-
trel in the remaining two planes of motion with-
out interrupting the propulsion during turns or
other manosuvres. This is tracilitated by the fact
that the flight and its propulsion are controlled
by the same organ.

Confrontation of
for the realization
F, = const., which is

The image of the glider propulsion that arises
from the above considerations is represented dia-
gramatically in Fig.5.

To start propulsion, the operator, who is sus-
pended in sitting position with his feet rest-
ing on the trapeze 3,4, forces vibration of the
system by bending his knees and hips.ln the lower
position he pushes up vigorously from the trapeze
thus producing a downward propulsion stroke of the
wing 1. During this stroke he adjusts the incli-
naticn f of the glider s0 as to maintain possi-
bly constant incidence angleec, thus producing a



thirust component. During the idle siroke the ope=-
rator vends his knees and takes the primary posi-
tion, beginning from which the cycle may be re-
Emuted .

Uninterrupted contact with ‘tho rigid control
frame and the loose trapeze 3, 4+ will enubls ac-
curzte control and acceleration and retardation
of the cycle, depending on the value of the pro=

pulsion force 2 and other flight requirements. It
enables also the operator to stop or resume pro-=

pulsion.

V1, bnergy Considerations of Oscillating=Wing
Propulsion

In horizontal flight the entire power F is
used for maintaining the motion at a velocity v.
Under such. conditions the familiar peneral rela-

tion
Bp = =2 vy,
75 (L/D)
is valid. On the other hand, we have also, for

wing-propulsion, the good approximate relation®,
L. ¥

2
Pp Py = M3/
L kK -
L/D
75 ( / )14
where
il, ( )
“ (L/D) d1,
e
L = _—
(/D)I, J i1, #
(e}
Considering the enerpy relationships of wing
propulsion we must first determine Qﬁ,‘zand ke

In the case of wing propulsion of the type de-
seribed, in which there are no iransmission gears
nor bearings, nor hydraulic control organs etc.
the mechanical efficiency may be very high, the
only losses being those of friction of the springs
and in the suspension hinge. These losses can be
reduced to negligible values so that it is legi-
timate to assume that ?n1= Te

1f we are concerned with the overall efficien-

cy of the wing it can be found, by dividing the
Eqs./11/ by /12/ and bearing in mind that, v/vo =
= 1/]2 :
L1 (uo)
RO, U L - /15/
- ?m ?k . ?a O ?k 2
L, 1, (L/v)
This simple relation shows the measures to be
taken to obtain high p and emphasises the role

that is played by the kinematic efficiency Pk.

In the case of a hang glider the principal means
is very simple, which has already been emphasi-
zed,and lies literally in the hands of the opera-
tor. It consists in an appropriate control of the
type Fy = const.without excessive overloading and

with ng undue unloading of the wing. This  means
wing operation at maximum (L/D), with no  varia-
tion of the incidence angle and transient drops

in lift/drag of the wing reducing the value ot the
integral /14/. At the same time the trajectory
of the wing should show possibly flat waves so

¥ This relation
the work of the pilot drag along his
is equal to the work along the trajectory of
wing.

follows from the assumption that
trajectory
the

that 1/1p —>1.Alse L/Ly, should also be near unity
which will depend, as already known, from the
type of control used and the welpht of the system
per unit power which depunds, for norizontal
£1ight, on its 1ift/drag ratio.

obtaining high propulsion
efficiency depends on the design and consists
in applying a possibly light glider siructure,
so that the ratio Wq/W /and thereforeny/ is pos-
sibly high, The influence of that ratio is con-
nected with the fact that the amplitude ratio
h/nq decreases indirect proportion to the de-
crease in Wq/¥ /Fig.6/ which leads to an incraased
unnecessary motion of the weight W, and a reduced
kinematic efficiency k. This decrease in Dk,
which is still insignificant for hq/h = 0.5 “is
difficult for theoretical analysis, because it is
a consequence of the dissipation of the kinetic
energy of excessive oscillation of the waight Wq.

Another means for

it is inferred
approach very
agreement

From the above considerations
that the value 1= 94 Qn Dk may
closely unity. This conclusien is in
with the common beliefl that very high efficiency
of wing propulsion can be achieved?. 1t is
also conforumed by the results of theoretical ana-
lysi$9|10 which shows that it is possible even
for swinging wings, to attain a propulsion effi-
ciency of ? =0,0.

Tt should be observed that high. propulsion
efficiency is in some sense a natural feature
of wing propulsion, the propulsion organ, that is
the wing, being weakly loaded and generating a
low induced velocity.

ma-
poor

A shortcoming of wing propulsion which is
nifested during take-off of large birds is
static efficiency and poor static thrust. This
shortceming is particularly important for oscil-
lating wings with a narrow frequency range. Thus,
take-off is a separate and difficult aerodynamic
and teciinological problem of wing propulsions It
appears tc be reasonable for the take~of f run to
use propulsion of another type.

To evaluate the power demand for horizontal
flight of a hang glider we can use the relation
/12/, from which we find, for instance, that if
L/D = 10,which is pessible,the propulsion pover
for a flight velocity v = 10 m/sec, a weight
W = 93,5 kg and p= 1 should amount to P=qy 25 HE;
which exceeds considerably the permanent power
available which is,for an operator in good athle-
tic condition P = 0.4 HP approximately.

It follows that for wing propulsion of a hang
gilider by muscles we can expect,at most, climb of
very short duration or reduced descent in long
duration flight.

The reduction in descent can be expressed in

the form of increased effective lift/drag ratio
of the system, Defining the latter quantity as

L 3
(L/D)ef g Ft I

where Fy 1s the mean thrust of the wing-propellad
glider directed parallelly to the flight and dif-

ferent from the horizontal thrust FE considered,
before, we find _
6t c
L
(L), = T — 117/
c, - D0 eg’n gy e

v3 3-5




For a short-duration /about 5 minutes/ power
of P = 0.6 HP, which is possible to afford and
v=10m/s, 5=20mn2, n= 1.
_ 150 + 9.81 « 0.6

107 « 1.2 5 20
Hence, for (L/D)p = 10 at C; = 0.75, G = 0.075

e OWRE
(b/D)ef 0,075 - 0,037

This result shows the practical possibility to
increase the 1ift/drag ratio to about twice its
actual value and to reduce in the same proportion
the descent of a hang glider, by applying wing
propulsion, The reduction in descent is

Aw = ZE—E—LjL

C

T = 0,037

19.8

= = /18/

_ -22_.._(_‘)_!_6_._.._1 - Y .ft-i -

93.5 > Gafitiois
1t is observed that wing propulsion of a hang
glider will be relatively less efficient for

greater Cp, higher velocity v of the glider and,
greater weight W. Thus, for instance, a reduction
in descent of a conventiocnal glider of 300 kg to=
tal weight would be by about C.15 m/s only. This
confirms the conclusion of Lippisch@ that low
welght and low flight velocily are more essential
for muscle propulsion than high aerodynamic pro-
perties,

This feature is shown in a more clear manner
by the relation /17/ written in the form

/9/

75 B
(O/)yg = 071 - =2

o)y

o1t

-02 P .

Fige11 The influence of the total weignt W and
the flight velocity v, in the form of tha

Wv, on the relation between the inverse

effective lift/drag and the inverse aero-
dynamic lift/drag of the pilot-glider sy-
stem by means of a propulsion of P=0,6 HP
and a propulsion efficiency ?: 1

This relation has been used as a basis for the
diagram of Fig,11 in which is represented, in a
wider range, the influence of the product dv on
the efficiency of wing propulsion as determined
(L/D)of, for a power P = 0.6 HP and p = 1e The
square repion I - corresponds to the ‘condilions
under which a power of 0,6 HP is insufficient for
horizontal flight and only improves the effective
lift/dray ratio., Un the boundary II of Lhat re-
gion it is 'possible to maintain horizontal flight
and in the rectangular region IIl at nepative va-
lues of (L/D)ef, climb is possible,

VII. Some Aerodynamic Problems of Winp-propelled

Hang Gliders

From the above considerations it follows that
wing propulsion by pilot’s muscles can improve
considerably the performance of a hang glider,
provided that its normal performance is suffi-
ciently hign. Thus, for instance, such a propul-
sion will pive a poor effect for a hang glider
with a double-cone ifogallo wing of a 1lift/drag
ratio of 4 and a descent of about 2.5 m/sec, if
the reduction in descent possible to achieve is
about 0,5 n/sec, even for p = 1,In agreement with
the diagram of Fig.11 this‘will enable an effec-
tive 1lift/drag ratic of somewhat less than 5.

20 ¢ I [
V| 88§
(P 'y /

i 2 ;x?; |
| T J. |
155 \)a>v 1
7 !
P
76

10 d

|
5

o 5. ‘ac‘““"15“1ﬁ)'50

Fig.12 Dependence of the effective lift/drag on
the lift/drag of the propelled pilot-gli-
der system under conditions as shown in
the diagram of Fig.11

The influence of the initial L/D of the system
on the (L/D)er is illustrated in Fig.12 in a more
lucid although less general manner than was done
in Fig.11, based also on the relation /19/, It is
clearly seen that for smaller &v the increase in
(L/D)es is more rapid and the deflection of the
curve Wv = const, from the straight line (L/L)ef:
= L/D is greater, It follows that the reason for
application and development of wing propulsion
for a hang glider depends, in general cn the poS—
sibility of design of an ultra-light wing with
good aerodynamic properties, In this respect,with
the existing materials and those that may be ex-
pected in the future, is very promising the
stretched-membrane wing?7172, the principle of
which is shown in Fig.13., The essential feature
of that wing,which has an arched profile,is that
its lifting surface 2 is stiffened in the direc-
ticn of flight by comb-like ribs 1,the profile re-




stiretched-
lo=-

Fige13 Diagram of the structure of a
-membrane wing:a- non-loaded wing,b-

aded wing elastically deforned

maining almost unchanged. The transversal elastic
deformation is facilitated by the elastic fixing
elements 3. An example of design of such a wing,
built for sailing applications?d in the form of
a sailing hang glider, is shown in Fig.14.

Fig.14 Stretched-membrane sailwing for sailing
application. W, = 10 kg, S = 10 m?
Fig.15 represents, for comparison, experimen—

tal polar curves a, b, ¢ for light wings of va-
rious types and the expected polar curve d for a
double-slot stretched-membrane wing. The curves
show the aerodynamic quality of stretched-membra-
ne wing with no slots over the entire range of
incidence angles. It is better than the quality
of Rogallo wings. If the aspect ratio increases,
these differences increase also with further in-
crease in lift/drag ratio, above 10,
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Fig.1L Confrontation of polar curves of stretch-

ed-membrane wings and Rogallo-type wings

of 1spect ratio A = 4

A serious aerodynamic problem of hang plideris
the disadvantageous influence of the aerodynamic
drag of the pilot on the lift/drag of the pilot-
-glider System. This lift/drag is determined by
the relation

i
+ C 5./5
Dp p

On the basis of the above relation for a pilot in

L/D = /e0/

Dg

a sitting position with Cpp = 1, Sy = 0.6 ne and
in a lying position with Cp, = 0.5, Sp = 0.15 =2
we have cbtained for (I../D_\g = 0.?5/0.85 =15 and

30 four curves of L/D bound-
Fig,16. The dotted

' (L/ D)g =50

(L/B)g = 0.75/0.025 =
ing the relevant regions in
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Fig.1t Influence of the aerodynamic drag of the
pilot’s body on the lift/drag of the pi-
lot-glider system for glider 1lift/drag
30 and 15

lines are the asymptotes of these curves,The dia-
gram shows that the lying position of the pilot
gives a much smaller decrease in the lift/drag
ratio, 1in the neighbourhood of the usual S = 20,
In particular, for the sitting position, we ob-
tain no more than L/D = 9.4 for (L/D),. = 15, whi-




le the lying position would enable us to attain
L/b = 15.8, It follows that the drag of the ope-
rator's body will influence considerably the ef-
ficacy of wing propulsion of a hang glider, which
depends in a decisive manner, as has been shown
in Fig.11 and 12, on the lift/drag ratio of the
system, ‘

In addition, in the case of a wing, the ioad
carrying skeleton of which is not accommodated in
the interior of a thick airfoil, this being the
case of the wing shown in Fig.13, +there is also
the influence of the skeleton on the 1ift/drag
ratio of the system. It may be expected that with
increased aspect ratio of the wing A and, there-
fore the wing span, the disadvantageous influence
of the presence of the skeleton will grow so that
if a certain A,,; has been reached, further in-
crease of the aspect ratio will increase the ge-
neral drag coefficient Cp of the system, there-
fore it will impair its 1ift/drag ratio. Indeed,
if we write the expression for the drag coeffi-
cient of the gystem .

5 (=]

CD = CI)i =5 CDs + E? CDe /el

where Cpj =a£Cf?WTA coefficient of induced drag

with ¥ = 1 for elliptic distribution of circula-

tion, then, taking into account the following li-
near relation between Sg and A

.

5 Ai si

where Ssi and A; are the initial values,which

are known and practically verified, we obtain, on
differentiating /21/ and setting the result equal
to zero:

3
p
+ 3 CDp+ Caf

re2/

-

SOOI  J JO S S B

& a8 1 CDs

Fig.17 Influence of the drag coefficient Cpg of
the external skeleton of the wing on the
optimum aspect ratio Agyt for which the
lift/drag of the hang-glider is maximum

With values A; = 4, Cp = 0.75, S = 20 m2, Sg; =
= 0.5 m® /S/Sg; = 40/ “which are feasible today,
we obtain Ag,¢ in function of Cpg as represented
in Fig.17, which shows that the application of a
skeleton with streamlined cross-section and fur-
ther reduction in S5y will enable considerable

11
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increase in the aspect ratio,in this wiy also the
lift/drag ratio. Since the curves lie over the
entire range of Cpg, in a region of relatively
large values of Agpt /9 to 20/, this means that
there is consideragle possibility for the develo-
pment of hang gliders and their wing propulsion,

VIII, Final Hemarks

considerations have shown that the

hang glider with a wing performing translational

oscillation is the simplest solution of the pro-

blem of wing propulsion. As compared with the

propulsion by means of swinging wings fornithop-

ters/ imitating birds, it offers a number of con-

siderable advantages, such as

- feasibility

- extraordinary simplicity of design

- more advantageous aerodynamic properties

- better propulsion efficiency

- better precision and facilitya propulsion con-
trol

- lower weight

- lower costs

- better adaptability /if muscles are used/ to
the anatomic features and psychophysical possi-
bilities of man.

Its most essential advantage is that it is a
feasible system, which has not yet proved to be
the case of the swinging wing system, requiring
elastic wing profiles and a difficult to realize
complicated system of control of twist and pitch
angle,

The above
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