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SUMMARY

The important theoretical parameters in the design of a high
performance tailless sailplane have been determined. Inter-
relationships between these parameters have been discovered and are
shown on a work study flow chart.

The design specification demanded,

a. equal, or better, achieved cross-country performance, than
a conventional sailplane of equal span, and,

b. satisfactory stability and control.

The 15 metre, standard class, Standard Cirrus sailplane, was used

as a basis for comparison of performance, stability and control.

The design study revealed a tailless sailplane with a calculated 10%
performance gain. The rigid aircreft, longitudinal stability and
control analysis showed the aircraft to be more dependent on centre
of gravity location but capable of simulating the Standard Cirrus.
Yaw control posed a problem, but the severest encounter involved the
longitudinal dynamics of the flexible wing. Wing structural layout
will hopefully eliminate +this problem.

During the course of the study the 15 metre class was widened
to allow the use of flaps. This became a necessary feature of the
tailless design and the performance increment is likely to be
similar.
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NOTATION

a Aircraft 1ift curve slope.
a4 Wing body 1if't curve slope.
8o Control surface 1lift curve slope.
az Tab lift-curve slope.
a.c. Aerodynamic centre.
ag Wing section 2-dimensional wing curve slope.
ag Bffective wing-lif't curve slope.
2o

ay -—E;;

1+ Ta
aqp Tailplane 1ift curve slope (due to incidence).
A Aspect ratio
Al Semi height of body cross-section opposite wing.
A, Aspect ratio of an analogous wing.
b Span.
b Span of an analogous wing.
bW Multhopp coefficient.
bO’b1’b2’b3 Control hinge moment constants.
B! Semi width of body cross-section opposite wing.
c(y) Chord distribution.
C.g Centre of gravity.
c Standard Mean chord.
¢ Mean aerodynamic chord.
Cnac Section pitching moment coefficient.
EﬁaC' Total aerofoil section contribution to wing pitching

moment coefficient.
57 lMean aerodynamic chord of control.
Cp Wing crank chord.
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Cyt

Wing root chord.

Wing tip chord.

Mean tailplane chord.

Drag coefficient.

Zero 1lift profile drag.

Induced drag coefficient increment.
Total induced drag coefficient.
Control hinge moment coefficient.
Total hinge moment duve to springs.

Aircraft pitching moment coefficient about the aerodynamic
centre:.

Wing planform and twist contribution to Cmo.

Pitching moment coefficient about the wing vertex due to
planform sweep and twist.

Aircraft pitching moment coefficient about a.c. centre of
gravity.

Pitching moment coefficient for unit pitching velocity of
wing about aircraft centre of gravity.

Lif't coefficient.
Total 1ift coefficient.

Distance between fuselage centre of gravity and wing root
elastic axis.

Gravitational constant.

Distance aft of leading edge of mean aerodynamic chord to
aircraft centre of gravity.

Distance aft of leading edge of mean aerodynamic chord to
control centre of pressure.

Stick fixed manosuvre point.
Stick free manoeuvre point.

Distance of the stick fixed neutral point aft of the lead-
ing edge of the mean aerodynamic chord of the wing.

Distance of the stick free neutral point aft of the leading
edge of the mean aerodynamic chord of the wing.
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Distance from leading edge of mean aerodynamic chord to
aerodynamic centre of aircraft.

hy is given by hy = hg + hg .

hé is given by h& = hy + hé.

-Ah Forward shift in asrodynamic centre, due to fuselage.
H Total moment.

b, Manoeurve margin with stick fixed.

Hé Manoeuvre margin with stick free.

iy>ix’izaixz Non dimensional moments: of inertia.

Ix Rolling moment of inertia about centre of gravity.

Iy Pitching moment of inertia about the centre of gravity.

Iz Yawing moment of inertia about the centre of gravity.

J is the natural damped frequency of the short period motion.

J2 The undamped natural fregquency of motion.

K Span efficiency factor.

Kp " Pitching radius of gyration.

.2 Spring stiffness.

2p

K, The static margin, stick fixed.

Lp Non dimensional rolling moment due to rolling.

lr Non dimensional rolling moment derivative due to yawing.

lv Non dimensional rolling moment derivative due to sideslip.

PE Non dimensional rolling moment derivative due to elevon.

lf Distance between control centre of pressure and aircraft
centre of gravity.

L | Total 1ift on aircraft.

Lo Additional 1ift due to control deflection.

Ly Vertical tail arm.

Lp Horizontal tail arm.
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M

Mrp

Mg

Wing and body lif't.
Gear ratio between control stick and control surface.

Increment in section moment coefficient with unit control
deflection.

Non dimensional pitching moment derivative due to rate of
pitch.

Non dimensional pitching moment derivative due to velocity
increment along Ox .

Non dimensional pitching moment derivative due to velocity
increment along the Og.

Non dimensional pitching moment derivative due to rate of
change of W.

Total moment.

Zero 1ift pitching moment.

is moment arising when elevator is deflected due to the
centre of pressure of elevator load not coinciding with
the aerodynamic centre of tailplane.

is the pitching damping moment of aircraft, less tail.
Load factor.

Non dimensional yawing moment derivative due to rolling,
Non dimensional yawing moment derivative due to yawing.
Non dimensional yawing moment due to sideslip.

Non dimensional. elevon yawing derivative.

Stick force to hold aircraft in a steady pull out from an
initially trimmed stick free glide.

Stick force: to hold aircraft in a glide.
Angular velocity in pitch.

Stick force per ‘g'.

Stick travel per 'g'.

is the instantaneous radius of motion.

Damping coefficient of the short period motion.

The undamped natural frequency of motion.



S Wing area.

Sp Area of fin and rudder.

S.M.C. Standard mean chord.

S Horizontal tail area.

Syet Fuselage wetted surface area.

Si Total control surface area behind the hinge line.
£ Time: (in seconds).

£ Unit of aerodynamic time.

t Wing root maximum thickness.

T.A.S. True air speed.

Ve Achieved climb rate.

Vg Glider sinking speed.

Ve Equivalent sideslip velocity.

v Airspeed.

vy Optimum speed through stationary air.
v Tail volume ratio.

Va Average cross—country speed.

Ve Achieved cross-country speed.

Vg Stalling speed.

Vee M8CReady achieved cross-country speed.
Ver Cruising speed.

W Maximum all-up weight.

Wy Maximum water ballast.

ki Equipped Weight.

Wp Maximum pilot weight.

X Distance of leading edge of the mean aerodynamic chord

af't of the wing vertex.

|

Aerodynamic: centre of wing alone.



is the longitudinal distance from wing aerodynamic centre
to wing quarter chord line at any spanwise station.

Non dimensional symmetric force - rotary derivative.
Non dimensional symmetric force - velocity derivative.
Non dimensional symmetric force- velocity derivative.
Spring lever arm.

Trimmer movement to trim with stick free.

Local aerodynamic centre.

Control stick movement.

Spanwise coordinate, spanwise axis.

Non-dimensional symmetric force - rotary derivative.
Non-dimensional symmetric force - velocity derivative.
Non-dimensional symmetric force- velocity derivative.

is the rate of change of aerodynamic load on the main wing
with respect to pitching velocity.

_3 - _c_
=7 =+ 2(h, h))/ulT'

Aircraft longitudinal density parameter.

Tab angle to trim

Side Slip angle.

Aerodynamic twist (positive for washout).
Dynamic pressure.

The local air density.

Frequency of vibration.

Control deflection measured normal to the sweep.
Angle of incidence.

Angle between refernce axis, in the body, and the flight
direction.

Local effective incidence.

Local induced angle of attack.
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Tailplane-~body setting angle.
£ Chord sweep.

Dihedral.

Taper Ratio.

Angle of yaw.

Control angles.

are the non-dimensional semispan location of outboard and
inboard aileron ends.

Spanwise positions as given by Thwaites.
Control angle due to spring.

Control angle to trim.

Aerodynamic time.

Sweepback angle at mid chord.

Mid chord sweep of the analogous wing.
Roll angle.

Effective sweep of the analogous wing allowing for finite
aspect ratio effects.

Sweep of a straight constant chord line.
Wing spanwise loading.
Additional loading due to body upwash.

Aerodynamic twist root/tip.



1. INTRODUCTION

In 1949 John K. Northrops' all wing YB-49 lost a United States
Air Force contract to Convairs' B-36. Both of these aircraft were
designed to bomb Germany from Americe, if Britain should be defeated.
The loss of this contract was the final blow to Northrops' tailless
aeroplane program. Whether it was dealt through the unfortunate
economical and political lobbying, which besets many an abandoned
aircraft project, or whether it was a suspicion that the all wing
margin of superiority would turn into an elusive will-o'-the-wisp
that might vanish when put into practice was unknown. "There was
instantly a babble of comment across the nation, which was suddenly
raised to fever-heat" and further fueled by the news media's conver-
sion of technical jargon to the layman's terminology. An unfounded
suspicion, because the YB-49 later made headlines by demonstrating
greater range capabilities, at higher cruise speeds, than the B-3%6
was: capable of producing.

The history of taillesssailplanes images the typical fate of
tailless powered aircraft. A concept is flown, its faults analysed,
and the project abandoned due to lack of finance or effort. In the
case of sailplanes it is usually: the personal finance and effort of
a homebuilder. Several homebuilders have persevered, notably the
Horten brothers, Charles Fauvel, Jim Marske and Al Backstrom. The
war interrupted the development of the Horten sailplanes. However,
a flight test performance and drag anslysis, of the 20 metre span,
Horten IV sailplane, was conducted by the Mississippi State University
in 1959. This demonstrated many shortcomings of the aircraft, none
of which could not be solved, and illustrated the likely performance
after redesign. Jim Marske gained knowledge and experience through
practical experimentation on a series of tailless sailplanes. His
efforts have been aimed at stability and control and he claims the
formula for success lies in a wing with an unswept leading edge. His
Pioneer sailplane is sold in kit form in America, and although it is
basically a sport class sailplane, the performance claims are quite
controversial, being substantiated by some and contested by most.

In any case the aspect ratio of existing tailless gliders is about
half that of current conventional designs and the aerofoil sections
are grossly inferior.

The modern high performance sailplane is a sophisticated machine,
incorporating aerodynamic refinements unmatched by powered aircraft.
This performance increase has primarily been achieved by the progress-
ive reduction of the three major components of drag, ie induced,
profile and parasite drag. To begin with, the parasite drag was
reduced by the elimination of struts, bracing wires, open cockpits,
external control runs, skids and fixed undercarriages. Induced
drag was decreased by the use of higher aspect ratios whilst the
profile drag was reduced by the use of low Reynolds' number, low drag
aerofoils, This has been especially apparent with the aerofoils
designed by Professor F.X. Wortmann and Dr. R. Eppler which, when
combined with materials like moulded fibre reinforced plastics,
achieved profile drag reductions as high as 25% over their NACA
counterparts with considerable widening of the drag bucket. The



reduction of profile drag continues by the use of narrow chord,
speed and 1ift flaps, but renowned aerodynamicists claim that, a
plateau has seemingly been reached. For a given span the perform-
ance has not greatly improved over the last 10 years, when fibre
reinforced plastic sailplanes were first produced, whereas the costs
have soared dramatically.

Reductions in profile drag, by reducing the wetted surface area,
with a corresponding reduction in material, labour and maintenace
costs are the aims of tailless designers. These have not been
achieved. In fact, by comparison with current conventional designs
the reverse is true. Tailless wing areas are double, induced drag
30% higher, multiple, ill-placed, or mere large fin and rudders claim
their penalties, whilst the interference and trim drag could hardly
be worse.

An update of the tailless sailplane is required. A1l the
refinements of existing competition sailplanes have to be incorpor-
ated. The aerofoils have to be redesigned, the ideals of reduced
cost, weight, labour, and inceased performance have o be realized.

The weight range and aspect ratio have to be optimized to achieved
cross country performance rather than stability and control.
Compatibility here still would not be enough. The tailless sailplane
will have to win, in major flying competitions against its conventional
counterpart, before it is accepted.
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2. SCOPE

. The work study flow chart is intended to show some of the more
basic design interactions and indicate the more desirable me thods
of problem solving. The chart is reasonably complex and merits
some explanations.

We begin with the aircraft layout variables, such as aspect
ratio, sweep and twist for example, near the chart centre. Initial
considerations were aimed at reducing the range of these design
variables to within acceptable working limits. This was first done
by examining the requireménts of static longitudinal stability and
manoeuvrability. No severe constraints arose from this investiga-
tion, although the sailplane layout must favour a limited centre of
gravity range. Since high aspect ratios did not appear problematic
the next logical step was the optimization of the sailplane
performance.. The most restrictive coupling between sailplane cross-
country performance and longitudinal static stability occurred through
the aerofoil section characteristics.

The section of flow chart to the left of the design layout
variables is concerned with the cross-country performance of the
sailplane. There is very little likelihood of the sailplane winning
appeal unless the performance is better than an equivalent conven-
tional sailplane. The performance analysis of the sailplane must be
fairly rigorous.. At a speed of 50 kts something like a mere 7.5 kg
of total drag is invisaged, implying that only small amounts of, say,
trim or induced drag, can give a percentage performance decrement
outweighing any advantages in performance the tailless sailplane
might show. The interrelationship of parameters such as trim drag
and induced drag with the wing planform shape can be seen from the
chart. The layout should preferrably allow the use of flaps to
enhance the performance.

Some of the variables affecting the longitudinal dynamic
stability, such as aspect ratio, sweep and pitching inertia can be
altered with a minimum effect on performance or static stability.
All indications so far were for a high aspect ratio wing. It was
therefore possible at this stage to design a sailplane with optimum
cross-country performance and satisfactory longitudinal stability
and control, the major variables being aspect ratio sweep and twist.
The aspect ratio was finally chosen as high as the performance would
allow, such that sweep and twist could be minimized. Minimum twist
was particularly important for high speed performance but the
demands of static stability had to be satisfied.

The effect of lateral stability and control on performance is
important and should be integrated with considerations of fuselage
layout and wing sweep.

The right hand side of the flow chart considers the effects of
wing flexibility. It is illustrated, that where possible, problems
should be solved by altering the wing torsional and flexural stiffen-
esses and the location of the flexural axis, and section twist centre



locii. Minimizing the sweep is the best way of allowing for these
problems in the early design stages. FMlutter, divergence and control
reversal should not pose any significantly different problems to
conventional sailplanes (whose solution is possible with fibre
reinforced plastics). Bending of a swept back wing will introduce
twisting and hence a pitching moment about the aircraft centre of
gravity. This can manifest itself in an unstable pitch control
response, an unstable gust response, or an unstable (or unacceptable)
coupling of wing bending vibration and the short period pitching
oscillation. Either this latter oscillation or a pilot induced
oscillation may demand a preliminary design change for a satisflactory
solution..



3. DESIGN PERSPECTIVE

We require a guide with which to compare the ideals of the
tailless sailplane. For example, we wish to determine the degree
of stick fixed stability required. The stability of a bomber may
be restrictive on design whilst the lack of stability of a
competitive aerobatic aircraft may tire the pilot on a long soaring
flight.

The best method of placing the tailless design in perspective is
to compare it with a conventional sailplane of the type it is
intended to outmode. The Standard Cirrus Sailplane has been chosen
as a basis for comparison because its cross-country performance and
stability and control are equal to, or better than, any other
"Standard Class" (15 m. wing span) sailplane. A review of the
standard class rules and an analysis of the Standard Cirrus Sailplane
is contained in appendix A. Where possible, theoretical results
have been compared with experimental values to justify the methods of
ananlysis. Although these tools of analysis have to be modified in
the case of the tailless sailplane, we may now feel more satisfied
with their use.

In particular, we may look at the glide performance of the sail-
plane and note that the computerized performance, given by,

1.05 )
mA 2

Cp = 0.0108 + cf (0.00225 +
is in good agreement with the flight test results of 3 independent
workers. Cp, Cf, and A are the drag coefficient, 1ift coefficient
and aspect ratio respectively. The factor 0.00225 gives the component
of 1ift dependent drag arising from the aerofoil characteristics and
1.05 is the induced drag factor, K. Checks on the longitudinal
phugoid mode, spiral,and dutch roll lateral modes,give satisfactory
agreement. Similarly the times to roll and yaw through given angles
were predicted quite well. The Cirrus was also useful in determin-
ing exponential elevator application rates to simulate soaring "pull
up" manoeuvres.
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L. REDUCING THE DESIGN VARTABLES

The derivation of the theory of longitudinal static stability and
manoeuvrability, stick fixed and free, for tailless aircraft is given
in appendix B. The example sailplane, figure 1, has also been used
in appendix B to illustrate the analysis and provide a comparison with
a conventional sailplane. To avoid distracting the reader from the
main argument presented here only the basic conclusions from the
appendix will be given. Many peculiarities of the tailless sailplane
are discovered in the appendix and the use of springs and weights to
provide solutions is investigated.

4.1 Stick Fixed Static Longitudinal Stability

For stability we require,

a. the centre of gravity forward of the sailplane aerodynamic
centre, and

b. a positive sailplane pitching moment coefficient, Cp,, if
elevator angles to trim are going to be zero at some Cf,

values, for a sensible centre of gravity range.

4.2 The: Layout of Stable Wings

Figure 2 presents the wing contribution to the pitching moment
coefficient, CMOJ for wings of various twist € , sweep, A4 , and mean
values of section pitching moment coefficient, cpap. A wing of
aspect ratio 12 requires twice the twist that a wing of aspect ratio
20 requires to achieve a given Cjf,, for the same sweep. The values
of 0,03 and 0.0L chosen for CMO are representative of the wing
stability required to produce reasonable control trim angles for
sensible control dimensions. Trim curves for the sailplane of
figure 1 are provided in figure 3.

4.3 Aerofoil Requirements

From figure 2, an unswept wing requires the use of reflexed
aerofoil sections for stability whilst less stable, or unstable
sections, can be used, if sweep and twist are used to provide a
positive CMO. Washin is compatible with forward sweep and washout
with sweepback. It will be shown later that a high, maximum wing
1ift coefficient improves considerably the cross-country performance.

Tailless sailplanes of the past have had aspect ratios of 9 to
15 (see reference 9). Even the swept wing designs have had to use
full span reflexed aerofoils to avoid the adverse effects of large
amounts of wing twist at low Cg.

The modern, conventional sailplanes of today have achieved
their performances through the success of their low drag, low
Reynolds number aerofoil sections. These successes are due to the
works of Professor F.X. Wortmann and Dr. R. Eppler, examples of
which are contained in references 10 to 15. Only minor improvements
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FIG 2. THE LAYOUT OF STABLE WINGS.
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have been made to these aerofoils in the last 10 years and
Professor Wortmann states in reference 16, that a plateau in the
design of low drag aerofoils for sailplanes, has seemingly been
reached, and that further performance gains are most likely to be
achieved through other aerodynamic refinements.

Consideration is given to the suitability of the following
aerofoil types for a high performance tailless sailplane.

Ao

Conventional

Modern, conventional sailplane aerofoil sections have a
Cpac® -0.1. From figure 2 these would require 8 degrees
wing twist for an aspect ratio of 20 and 15 degrees of
sweep. Such an arrangement provides only a very small
operating Cp, range to avoid either wing root or tip stalling,
or to keep the sections within their low drag range.

Tailless sailplanes, have in the past, made use of the
limited range of reflexed airfoils or have reflexed some of
the earlier NACA sections. This latter method cannot be
applied to the current low drag sailplane aerofoils, because,
as shown in references 11 and 15, the upper and lower surfaces
of the aerofoil are designed separately by prescribing a
desired velocity distribution for a given range of angles of
attack. The shape of the velocity distribution over the
rear portion of the aerofoil, where reflexing may have to be
carried out, is critical in the formation of the various
stages in laminar boundary layer transition.

Reflexed

Reflexed aerofoils have been used in the past for swept and
unswept wings due to the low aspect ratios used. Such an
aerofoil section will never be satisfactory for the production
of high maximum 1lift coefficients. As a consequence the
sailplanes' climb performance, or the wing loading range is
reduced. Combined with a narrower low drag bucket this
means the sailplanes' flexibility and cross-country perform-
ance is impaired.

Spanwise Variation of Section Camber

If, on an untapered planform, we used a conventional
aerofoil with cpgc = -0.1 at the root and a symmetrical, or
reflexed section, with cpge = 0.0 at the tip, our nett sec-
tion cpge is & -0.05. From figure 2 a 15 degree swept-
back wing of aspect ratio 20 now only requires 5 degrees
washout. Hence we can combine the properties of a conven-
tional low drag, positive cambered aerofoil section,and high
maximum 1ift coefficient at the wing root, where it is needed,
with a stable tip aerofoil section, having a lower maximum
1ift coefficient, where it is more acceptable. The gradual
introduction of reflex along the span introduces an effective
wing twist, due to the change in section zero 1ift coeffici-
ents, even when the wing "leading and trailing edges are kept



12,

in the same untwisted plane. Consequently, not only is

the mean section pitching moment, cpac , reduced but it is
likely that all sections are able to fly at the same
relative positions in their drag buckets ensuring each is
always flying at its optimum best for all required angles

of attack. Dr. Eppler provided the author with a copy of
the computer programme used for the design of sailplane
aerof'oil sections and a dissertation from Dr. Miley
(reference.17) provided some theoretical consolidation and
practical design hints. Although the program is running,
insufficient time was available to ensure adequate famili-~
arity. However, Dr. Eppler was able to provide two
possible aerofoil series (one of which is reproduced in
figure 4) along with the advice that the optimization of
wings of the type considered is very difficult. As a

guide to the possibilities, the sailplane of figure 41 uses
5.5 degrees of washout, 10 degrees of sweep and a relatively
low performance aerofoil section whose mean spanwise pitching
moment is 0.0,

To summarize so far, a wing of lower stability, Cpp, is likely
to provide a higher maximum 1ift coefficient especially if sweep is
used. The lower limit on Clip is determined by the stability required
at af't centre of gravity (figure 3)’and the control effectiveness.

4.4 Control Effectiveness

To: examine the longitudinal problem, a plain-flap, fixed hinge
control surface has been considered. The effect of sweep, aspect
ratio and taper ratio for a control surface whose aresis 8.75% of the
total wing area is shown in figure 5. The difference between control
centre of pressure and wing aerodynamic centre, hg -hg, is shown in _
appendix B to behave similarly to the conventional tail volume ratio V.
The increase in control effectiveness with sweep or aspect ratio should
allow smaller control surfaces or smaller deflections than has been
possible in the past and hence lower the trim drag. This presupposes
the same percentage chord centre of gravity range which implies a
reduction in absolute shift for the high aspect ratio wing. It should
also be pointed out that 5 to 7 degrees sweep can double the control
effectiveness of an unswept wing.

4.5 Centre of Gravity Range

For a conventional sailplane the greatest change in centre of
gravity is occasioned by catering for pilots of different weight ,
seated on a substantial moment arm from the empty aircraft centre of
gravity. If, for a tailless, we seat pilots of different weight on
the empty aircraft centre of gravity we have eliminated the ma jor need
for an allowable centre of gravity range.

The two lesser factors in establishing the centre of gravity range
for a conventional, are the shift due to the pilot moving from the
nominal seating position, and the shift, with attitude changes, due to
water ballast movement.
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Figure 6 shows the results of a simple experiment, conducted to
determine the change in pilots' centre of gravity due to a change in
the pilots' back angle.

Modern sailplanes, with low cockpit cross-sectional areas, use
a semi-reclining back angde of approximately L5 degrees. Using this
value for a fixed back rest, and a value of 75 degrees for the pilot
reaching forward to the instrument panel, gives a change in pilot
centre of gravity of 7.0 cms. The difference in personal centres of
gravity from pilot to pilot is negligibly small and so a value of 7.0
cms shif't from a known seating position will be catered for. For
comfort the rudder pedals will adjust relative to the seat. For
figure 1 the corresponding shift in aircraft centre of gravity is
2.2 cns.

For unpartitioned water ballast tanks in the spar of figure 1,
half full tanks give a change in centre of gravity of 3.5 cm between
nose vertically up and nose vertically down.

It is pessimistically assumed that the sum of these centre of
gravity shifts gives a resultant shift of 5.7 cm or 7.6 percent of

mean aerodynamic chord.

L.6 Selection of Wing Sweep

A swept back wing offers the following advantages.

a. A higher maximum wing 1lift coefficient with favourable
spanwise airload distribution.

b. The optimum use of full span trailing edge flaps by program-
ming inboard deflections to be greater than outboard. From
figure 2 the effective increase in washout can compensate for
the increase in unstable pitching moments associated with
positive flap deflections.

c. Increased control effectiveness compared to an unswept wing.

d. Allows the use of high aspect ratios with only moderate
twist to avoid unfavourable 1lift distributions at low Cj,.

e. Incorporates sufficient washout to prevent unstable tip
stalling tendencies.

f. The use of high aspect ratios require sweep to provide
longitudinal manoeuvre damping. An unswept wing requires
a much lower aspect ratio to avoid the large changes in
stick travel, or force, per g for a given centre of gravity
range (see appendix B).

g. The same pitch damping is required for improved longitudinal
dynamic oscillations (see later).

h. Provides a degree of directional stability, partially com-—
pensating for the reduced fin arm.
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i. Reduces the tendency to high speed wing divergence associated
with forward sweep.

j. Allows combination of ailerons and elevators to reduce inter-
ference drag, (or conversely the use of flaps for pitch
control).

Swept forward and unswept wings provide a layout simplification
by allowing the pilot to sit forward of the main spar. To avoid large
centre of gravity ranges,and extra wetted surface areas with a swept
back wing,the wing has to be located ahead of the pilot as in figure 1.
The resultant loss of visibility and increased cockpit layout diffi-
culty is reduced as the wing chord is reduced. A rough mock up of
the figure 1 layout was possible with an existing sailplane and the
only disadvantage is thought to occur when photographing turn points
during competition tasks. This is not a resl handicap. A low wing
would have provided an ideal layout from the points of view of visi-
bility and undercarriage load paths, but the wing would be unfavourably
low to the ground during the inadvertent outlanding.

The layout in figure 1 has been devised to show that the minimum
angle of sweepback for this configuration is 10 degrees. Reduction
of this angle will cause the wing spar to restict the pilot movement.



Se SATLPLANE PERFORMANCE

Sailplane performance is best determined by the speed at which
a specified cross-country task can be completed, by an idealpilot,
under a given set of meteorological conditions. National and inter-
national gliding competitions primarily consist of closed circuit
races. Even when weather precludes the completion of a task, making
it one of distance rather then speed, the higher achieved cross-
country speed generally allows the greater distance to be covered
prior to landing.

Two necessary phases of cross-country flying are climbing and
gliding. Height is generally gained by circling in rising, "thermal",
air currents. The achieved rate of climb will therefore be dependent
on the thermal strength (vertical velocity), the distribution of this
velocity over the thermal cross section, the sinking velocity of the
glider in the turn, and the radius of turn. An aerodynamically clean
glider with a low wing loading or good slow speed capability is likely
to execute efficient, tight turns in the stronger thermal core. If
assumptions are made about the shape, size, strength and strength
distribution of a given thermal it is a simple matter to determine the
speed and bank required of a given glider, at a particular weight, to
optimize the rate of climb. A sailplane could be designed to achieve
the highest rate of climb in particular thermals. It would be a very
light sailplane whose best straight gliding performance is achieved at
quite slow speeds. Therefore, whilst such a vehicle might climb
quite rapidly, the time it takes to fly a given distance after the
climb will inevitably be long, resulting in a poor, achieved cross-
country speed.

On the other hand a vehicle could be designed to glide flatter
and faster than any other glider. To design for an optimum glide
ratio at high speed would result in a very heavy glider with an
extreme aspect ratio, making it incapable of circling within the
confines of a rising air current.

Almost to date, the design of sailplanes for optimum cross-
country performance has been affected by aiming for the best flight
polar attainable, whilst providing satisfactory climb rates in
thermaling flight. The design art has therefore been in determining
the latter. Armed with experience, the manufactures of the current
generation of 15 metre-span sailplanes, have converged on aspect
ratios of 21 to 23 and wing loadings of 30 to 4O kg/m2. With such
vehicles pilots are achieving cross-country speeds up to 120 km/pr,
for closed circuit races of 200 to 500 km; or distances, in one solar
day, in excess of 1000 kms.

Height can be achieved on a cross-country flight not only by
circling in thermals but also by gliding in rising air masses
associated with "wave" phenomena, hill 1ift, sea breeze fronts etc.
Competition flying, generally uses the more common thermal air
currents. BEach successful flight will involve the attainment of
height by circling in thermals. Equally certain is the fact that
height will be gained by flying straight and level, through 1lift,
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attributable to these thermals. For example, on a given day,
thermals may line up with the prevailing wind to form "thermal
streets", in which case the pilot flies, slowly along the street

and climbs in the general direction of desired course. At the
"top", or end of the street, the pilot will turn onto a heading
which will make good his desired track, and fly fast across the
intervening "sinking" air to the next thermal street. In this

way he may fly a complete leg of a given triangular task, thereby,
covering a distance in excess of 100 kms without losing height.

This soaring technique is guite new and made possible by the high
glide ratios of modern sailplanes. It is known as "Dolphin"
soaring, because the pilot executes abrupt pull ups on encountering
rising air, so he can fly slow and feel out the path of strongest
lift, to be followed by a dive through sinking air, to minimize

the latters' effect. Theories have suddenly appeared for the
optimization of cross-country speeds under conditions of hypothetical
distributions of rising and sinking air masses of varying intensities
along a given section of flight. It can readily be appreciated that
under such conditions more emphasis is placed on the straight flight
polar curve of the aircraft. A sailplane has not yet been designed
specifiically for these conditions because,

a. the concept and theories are new, and

b. the micro-meteorological conditions, which favour the
technique, are not available all the time.

In fact sailplane designs are only now being optimized to the
classical M2CReady theory of cross—country soaring. This theory
of soaring has been used for the last ten years by competition pilots
and has been used for the "next" generation (all manufacturers have
distiributed sales pamphlets, and one or two prototypes have been
built) of 15 metre sailplanes.

The M&CReady theory of soaring assumes a height gain by circling
in an isolated thermal, followed by a glide through "smooth" air, to
the next thermal, where the process is repeated. Figure 7 is a
typical flight cross section.

—_—> e
— V — —
S —— >
> . C> >
— glideat = —
] = airspeed, — —
C — V - >
— Cichng - —
: Thermal —— —
— Climb at = -
=5 rate v, — -

Figure 7
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Curve 'a', figure 8 is the straight flight polar of a given
sailplane. The equivalent glider sinking speed, vS7is plotted
against equivalent airspeed V. If a pilot expects to climb at an
equivalent rate, vg,in the next thermal he encounters, then the
optimum speed through stationary air to the next thermal is given by
Vy , where line'd’ is tangent to curve ‘2’ and bisects the ordinate
at vg. The achieved cross-country speed is Vg. The mathematics
of the optimization is simple and is covered in any basic text book
on gliding. The effect of wind and sinking air can be superimposed
on the construction and the effect of water ballast (aircraft weight)
can be studied by the effects on achieved climb raete, vg and by the
shift of the polar curve within the axes. It is apparent that,

a. a pilot must fly faster than the speed corresponding to best
1ift to drag speed of the aircraf't for any climb rate greater
than zero,

b. the expected climb rate in the next thermal cen only be
estimated by the calculated climb rate in the last thermal,

¢. the pilot requires an instrumented presentation to give him
the speed he should be flying at,corresponding to the sink
rate he is actually flying through, assuming the expected rate
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of c¢limb in the next thermal, and

d. +the pilot must carry the correct amount of water ballast to
optimize his cross-country speed; too much water will give
good glide penetration but poor climb rate, whilst too little
ballast will give a high climb rate but insufficient
penetration.

The foregoing has been intended to give the reader a very brief
encounter of glider cross-country flying. As such, a necessary
injustice, to the art of soaring flight has been committed. References
18 to 30 inclusive, may be helpful, but answers to all the questions
have not yet been written. Answers to questions on thermalling
technique, on pullups, or final glides, on height bands to be worked,
on pilot comfort aircraft stability and control, are as important as
those concerning which thermals should be used, and which ones should
be passed up on a given day, are available in the minds of individuals.
The following design work will tend to eliminate the individual, but
factors such as wing loading range and cockpit visibility for example
mey tend, or appear, to be personal decisions. The 1lift coefficient
at which the author tends to use in thermels, to provide a margin over
gust stall or incompetence, is used for optimum thermal climbs, for
example. In general our ideal pilot will fly a given sailplane under
the hypothetical meteorological conditions with computerized precision.
In so doing the sailplane performance can be optimized with respect to
aspect ratio and weight for a given span, assuming adequate layout for
stability and control.

5.1 The Computerized Cptimization of a 15 m Tailless Sailplane.

In reference 31, F.G. Irving discusses the use of a computer
program with which he determined the optimum aspect ratio and welght
range for a 15 m conventional sailplane. He found that, for thermals
having a parabolic velocity distribution, and strengths between L and
12 knots, and radii from 91.5 metres to 305 metres, that the optimum
aspect ratio was about 16. He later reinterpreted the results
(reference 32) and decided on an aspect ratio of 18 for British
thermals of either parabolic or fourth power distributions. His
analysis assumed a given Wortmann aerofoil section and the M&CReady
theory of cross-country soaring. It is likely that the M3CReady
theory is representative of 50% of the soaring tasks set in competi-
tions and that it places a lower limit on the desired aspect ratio..
The analysis showed that sailplane performance was more critical with
weight than aspect ratio. The ballasted weight range of the Irvings'
ideal sailplane should vary from as light as possible to something
over 1.5 times the unballasted AUW. Eppler undertook a similar study
(reference 33) for a 15 m sailplane in European type conditions and
obtained similar results, calling for an aspect ratios of 16.7 to 18.

Appendix C gives the results and discusses a similar analysis
for a 15 m tailless sailplane. The optimum aspect ratio is between
20 and 22 for Australian thermal conditions (same shape and size of
thermal but 8 kts strength instead of the 6 kts assumed for British



thermals). In contrast to Irving and Eppler the analysis in
appendix C contains the effects of "final gliding. A competition
flight starts at 1000 metres and finishes at ground level. The
8CReady theory optimizes for no nett height change. Therefore we
can add the "final glide effect", of gliding down from 1000 metres
height, at the optimum speed prescribed by the meteorological con-
ditions, to the M@CReady achieved cross-country speed. The results
show that an aspect ratio of about 2 points higher than the optimum
predicted by M2CReady gave better performances for cross-country
tasks under 500 kms length.

So far, the sailplane optimizations discussed, have not considered
the use of flaps. At slow speed flaps enable smaller turn radii and
therefore higher achieved rates of climb compared to an unflapped
aircraft of the same aspect ratio and wing loading. Appendix C shows
that an increment in the climbing 1lift coefficient of 0.1 gives a 3 to
11 percent improvement in cross-country performance. It is also
shown that an increment in profile drag coefficient during the climb
has only a tenth of the effect on cross-country performance that the
same profile drag coefficient increment, during gliding, has on
performance. The optimum aspect ratio of a flapped sailplane is
higher than for an unflapped onebecause the improved climb rate allows
a higher wing loading, which in this case is best achieved by an
increase in aspect ratio since the straight flight, glide ' performance
is also improved. Flaps also improve the glide performance by the
use of negative deflections which shift the low drag bucket and align
the parasite surfaces along the airflow direction.

As explained in appendix A the allowance of flaps in the 15 m
class has resulted in the recent display of "next generation" 15 m
sailplanes. The aspect ratios of these flapped aircraft varies from
20 to 22 which is lower than the current generation of unflapped air-
craft, illustrating the more sophisticated trend in designing for
optimum achieved cross-country speed. The design of flapped aerofoil
sections for conventional sailplanes is now a well established art.
The work of Wortmann and Eppler illustrate that an ordered transition
from laminar to turbulent flow, for the aerofoil with deflected flap,
can prevent flow separation over the flap, for a wide range of 1ift
coefficients and flap deflections. The resultant aerofoil exhibits
a shift in the Cp, range of the low drag bucket without increasing the
drage. The characteristics of a typical flapped aerofoil section are
presented in reference 7. A family of suitable flapped aerofoils is
not yet available for the tailless sailplane.

5.2 Conventional and Tailless Performance Comparison

Drawing No. TG-GA-01 is a generallayout drawing of the proposed
tailless glider "Ricochet". This layout is as much influenced by
static and dynamic stability and control as it is by performance.

It represents the final rigid body solution obtained in this thesis.

A comparison of the unflapped "Ricochet", and Standard Cirrus
glide performance is given in figure 9.  Glide performances of
sailplanes are usually compared at equal wing loadings. This gives
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them a similar climb performance. A tailless sailplane will have a
lower unflapped, wing 1lift coefficient than a conventional sailplane
and will therefore require a lower wing loading to perform the same
radius of turn at the same angle of bank. Since the stalling speed
combines available 1lift coefficient and wing loading it is used as a
basis of comparison in figure 9 .

A comparison of the I@CReady cross-country performance is given
in figure 10. This gives a pessimistic view of the practical cross-
country advantage of the tailless sailplane because firstly, it
neglects the effect of the final glide and secondly, it neglects the
fact that a pilot, by Dolphin flying, spends much more of his task
distance in gliding than is assumed by the M@CReady theory. Both
these effects give an additional performance increment proportional
to the difference in glide performances given in figure 9. Not too
much emphasis should be placed on the performance increment, shown in
figure 10, for the narrow (91.4 m. radius) thermals. The cross-
country speeds can be quite low in narrow thermals and, as shown in
appendix B, the effect of increasing the climbing 1lif't coefficient
by 0.1 in 91.4 m.radius, 8 kt thermals can give a 30% performance
increase. Thereby indicating the sensitivity, or importance of
the available 1if't coefficient in calculating performances for narrow
thermals. The performence increment in the more common, wider
thermals is thought to be realistic.
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6. SHAPING THE WING

The optimization of the wing planform has been very difficult,
particularly when flaps are used. The selection of a suitable layout
is dependent on the wing aerofoil section characteristics, and again,
whe ther the aerofoil has flaps or not. The converse is also true as
the planform can assist in determining an aerofoil specification. As
pointed out previously only one, unflapped, aerofoil is at present
available.

Performance considerations require us to meximize our climbing
1lift coefficient. It is also necessary to ensure that the wing tip
does not stall first. Appendix C shows that an increase in induced
drag coefficient of 1.0 x 10-5 during the climb reduces the cross-
country performance by 0.5 percent but the same increase, whilst glid-
ing, reduces the cross-country speed by L.5 percent. To achieve the
calculated performances it is still necessary to show that the assumed
climbing 1if't coefficient of 0.95 can be obtained, and that the plan-
form induced drag is acceptable during the glide.

A parametric investigation of the wing planform shape is contained
in appendix D. Since the computer program used can only calculate
fuselage effects for a mid-wing arrangement the optimization was
conducted with no body at all. The use of flaps also changes the
effective wing body incidence and would only confuse the optimization
at this stage. In-flight spanwise airload measurements for a high
aspect ratio sailplane are given in reference 42 and can be used to
confirm the theoretical trends given by the computer program.

Figures 11, 12, and 13 are reproduced from the results in
appendix D. It is apparent that the tapered planform, F, has much
lower induced drag than the parallel wing of planform B but the latter
gives a stable inboard stall, whilst the former gives an unstable tip
stall. The stebility contribution, Gy, , from the planforms B, and
B, in figures 11 and 12 is seen to be similar.

The results of appendix D can generally be summarized as;

a. Sweep between 10 and 15 degrees had a minimal effect on the
Cy, distribution for a given twist.

b. Twist had the greatest effect on C1, distribution.

c. Taper had an important effect on (1, distribution as well as
widening the Cp, range over which induced drag, for a given
twist, was minimum.

d. The double tapered planforms showed no aerodynamic advantage
over the rectangular tapered planforms, although in' practice
they allow a greater spar depth at the wing root.

e. The single straight tapered wings gave the worst aerodynamic
compromise (but perhaps the best structurally).
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o Although twist gave the greatest contribution to stability the
effect of increasing the sweep from 10 degrees to 15 degrees
was equivalent to an increase of one helf of a degree in twist.

The effect of aspect ratios between 15 and 30 has little effect on the
results.

6.1 Selection Procedure for the Unflapped Planform

It is best to consider the unflapved planform (DWG. TG-GA-01) in
some detail because we can make considerable use of the aerofoil data
in figure L. The distribution of aerofoil sections, and total effect-
ive twist across the span is given in figure 1k. The structural twist
is obtained without twisting the spar, giving a total aerodynamic twist
of 5 degrees. This is perhaps nearly 1 degree of (structural) twist
too much for an unflapped aircraft but was chosen as a conservative
initial design, allowing a good af't centre of gravity margin, whilst
obtaining improved estimates of aerodynamic coefficients.

a. Wing pitching stability.

The contribution to the wing pitching moment coefficient
from the aerofoil sections is,

Cmac — —0.038

Although an aspect ratio of 20 was aimed for it was found
that the 10 percent increase was justified by the reduction of
twist allowed. The rigid wing contribution is therefore,

= 0.0775

A likely pessimistic fuselage contribution is
= -0.008

Giving, for the complete rigid aircraft,

CMO = 0.0315

From Sectjon' 10, the wing twist due to bending and torsion,
at G, = 1.0 and 0.2, is negligible. Its effect on stability
and elevon trim curves is insignificant.

b, Ilevon trim curves

The elevon angles to trim, given in figure 15, show that
at the maximum Cy, of 1.1 and centre of gravity aft, at 0.21 ¢,
a downward elevon deflection is obtained, giving an increase
in available 1if't. This is unnecessary and would not have
occured with the original L degrees washout. Since climbing
at maximum 1ift coefficient is normslly restricted to turning
in thermals the elevon deflection is also a function of the
aircraft spiral stability and bank angle. It is likely that



NOILNGIMLSIO LSIML ONIM OJIWVNAQOY3IV FSIMNWLS 71 9Id

RN L o KEEam AR
SRR NN AR T e e T RENERENERNEEEEE
A EEEEIEREE HH " ! H
AR NEENEEENRRE 8
T IR NE NN SN NN T
[RERRES SRR RN R NN RNRAS T EREBE RN RARaEa R aans
SREN RN A SN AR EEEEENESEEEEENEEENEEEERESEANEREE EEREENE
N T ¥ OH-HHH- R
N L I I Bl 1 I 0 0 T A N
NS AN S A e SERENE N
TN | AQiup Buixsijay| 1l0j0ley EEEE R
T T 0 O O 5 =

L1
I

/

1S5

/.
I

/
VAN

/1

—

|

|

u
an
QO

30,

|
I
/
/
Vil
D
0

/!

\u»)
1

D
|

o
q
e

/

|

|
|1
/
/
/

/

Qlm 11940 o= 7:0 E o N

—
—
L=

|

=
W

b ]
>

| [ =




31,

T P g T " i i NS
T : 5 . RN NN AN : us EEEEE
| | K 1 I ) ) . . a4 ) e | I8 1B B .
EEEERENNENEEE EEl N EENNEEEE A AEEENEE NN b X
/
=s T msEman % . ,
EEEER ~ I UM - J BT \1|y\n,|\ 1] W ] Bl
& NN = i o .- 4 e = o - . |
uN RN SNl SR M\‘Pfl..ﬁH- B N :
B =/ HEE BN N | A1 1]
EaEeE EREENEA SIS EENE RN AR T SENE NN i REEEN
T N (5 M a - : T
ENEE IO T .-H,,..'li‘ - w / 5] T
5 L I B I < EEONN
SEEE SN Sumn 1_\&;\11 /i SN i HEREE
S § / / T _
EER SN ar) c T NN NS B .
SEREEEN.N 20 EnuEE 3 h\ e 5
| r\f c @p) [ i L b L \ i 1 oC dENE I 4.4
H DT I EEEEE SN AR AN p & ] EENS
e y o e A Wi
N [ / P D =
\ 1 il By
SEEEEEEL P T \ AuN TompaBy dR NN T
- i \\:\\ E
= Na 2 5 AT : .
NN _ FERE A
h poab :
4 B e Ee et i i EEEES
AR/ v 5
/1 - -
fimim /S e i
i /
l E A P
0 i L) {_17
i s / LY
A HAA o
: TRy 3 ]
v any”4 T
=5 JVARD /i M
S = i/ ap7 .
3 > y i
/ Ll
.9 n.U D D O .”U S
N N 0 J Hetin Ly

ELEVON TRIM CURVES FOR UNFLAPPED RICOCHET

FIG 15




32.

"holding off" bank will give a downward deflection of the
inboerd elevon, but a further upwards deflection is required
to trim the aircraft in circling flight. It is considered
desirable to have a small, downward deflection of the

inboard elevon during circling flight. This can be achieved
with a wing twist of 4 degrees and low spiral instability.
Adding one degree of up (negative) elevon deflection to the
trim curves of figure 15 gives the resultant trim curves for

a wing with 4 degrees twist. F'or example the elevon deflec-
tion at Cp, = 1.1 and centre of gravity at 0.21 ¢ is then zero.
In both cases the aircraft should be flown at aft centre of
gravity for high Cg,. Inflight centre of gravity variation
was originally envisaged by mounting the pilots seat on
irreversable tracks, giving the pilot the capability of flying
by shifting his weight. A favourable, automatic shift in
centre of gravity is also obtainable from the swept wing water
ballast tanks. An additional method incorporated fore-and-aft
fuselage tanks, containing half a cubic foot of water which
would go to the nose at high speed and to the rear at low speed.
Irrespective of how a pilot shif'ts his position in flight it
inevitably amounts to an increased workload during competition
flying. That this is unacceptable is demonstrated by recent
manufacturers' decisions to interconnect flap and elevator
circuits on conventional sailplanes, for all flying except
landing and take off. Also, from figure 15, the reduction

in trim angles at low Cy, is very small. It is shown later
thet the control deflections to trim produce favourable span-
load distributions, reducing the induced drag during cruise.
Also, since the design of modern flapped aerofoil sections,
for sailplanes, (references 7 and 8) allows control deflections
of + 8 degrees with little or no drag increment, the small
deflections calculated for the unflapped sailplane will result
in no profile drag increment. Thus the elevon angles to trim
are an advantage involving no trim drag. Slight modification
to the outer aerofoil sections is reguired. The use of an
inflight variable centre of gravity would therefore be more

of a handicap rather than an advantage. The aircraft should
be flown at af't centre of gravity for maximum performance.

Wing 1ift coefficient distributions

The wing 1ift coefficient distributions given in
figure 16 show that all the aerofoil sections remein within
their low drag range for the whole spectrum cof nett 1if't
coefficients. This is also true for the wing tips at
negative 1if't coefficients.

The tendency for inboard stall is noticed, particularly
with the body effects added. Being too conservative here
can effect the cross-country performance. If the whole wing
were to stall simultaneously a stable recovery is likely.
The centre of gravity is forward of the aerocentre, providing
the nose down pitch, and simultaneous unstalling of the whole
wing when no controls are deflected, and possible tip recovery
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first, if down elevon, (forward stick) is applied.

The wing with only L degrees washout still gives stable
stalling characteristics since most of the lift is due to
incidence.

To reduce the tendency for boundary layer thickening
the sweep has been kept to the minimum possible for the
given aerofoil sections. The tip chord is higher than the
optimum for induced drag at low Cp values to ease the tip
stall, The same is true of the additional twist given to
the tapered section of wing.

d. The induced drag

At zero 1lif't a twisted wing has an induced drag factor
of infinity. Thus, consideration of the induced drag
coefficient increment, ACp;, compared to the ideal elliptic
is more useful. Figure 17 compares the Ricochet induced
drag coefficient increments with the Standard Cirrus
increments. The effect of elevon deflections is akin to
reducing the washout at low Cg,. This is illustrated by
the spanwise 1ift coefficient distribution curves for the
Ricochet, with control deflections, in figure 18. Compari-
sons between figures 18 and 15 show that the elevon
deflections used are not associated with extreme centre of
gravity locations. ATt centre of gravity appears favourable
in attaining reduced induced drag at low Cy, and a higher
climbing Cf,. Since the aircraft will be more sensitive to
pitch control at aft Cp provision is made for more conventional
flying qualities (see appendix B) at forward centre of gravity.
The wing twist is certainly capable of reduction if the centre
of gravity range is restricted to af't values.

The increments in induced drag coefficients at low Cg,,
given in figure 17, are much less than the consistent value
of 1 x 10-3 required for a cross-—country performance
reduction of 4.5 percent.

6.2 Analysis of Flap Effects

The trailing edge controls shown in figure 19 are divided into
three sections. The inboard flap extends from 5 to 35 percent semi-
span, the outboard flap from 35 to 60 percent semispan, and the
elevon from 60 to 95 percent semispan. The flaps and elevon are
17.5 percent of the local chords. Downward deflection of the inboard
flap gives a nose-up pitching moment, whilst downward deéflection of
the outboard flap gives a weaker, nose-down, pitching moment. A
downwards deflection of the elevon is required to balance the aircraft
and complete the full span, stepped flap effect. These effects have
been estimated from the existing available data.

Reference 5 gives the increment in section pitching moment
coefficient with control deflection, my, for aerofoils at zero degrees
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incidence. This is plotted in figure 20a. for representative
controls, and compared with actual aerofoil data from two cambered
sections.

In using the computer program (appendix D) to determine the span-
wise lift distribution and wing pitching moment contribution due to a
control deflection it is necssary to use an effective local angle of
attack over the control span. This is given by,

(2)3 .

where, ap and aq are two-dimensional 1lif+t curve slopes for control and
wing respectively. The 1ift contribution due to control deflection
(section rotation) is therefore assumed to act at the local aerodynamic
centre. The pitching moment coefficient per unit control deflection,
about the wing aerodynamic centre can therefore be determined. This
is given in figure 20b. for the planform and flaps given in figure 19,
for various flap chords. A combination of the values of figure 20a.
and 20b. give the nett piting moment about the wing aero-centre due to
a control deflection. This is presented in figure 21 for various
flap chords and for the Ricochet 17.5 percent flap chord. The differ-
ence in values assumed for flap effectiveness at high and low 1if't
coefficients is due to the difference in'ET and mg for different 1lift

oL off

coefficients and direction of control rotation. This can be verified
from typical section data. At low Cp, the flap deflections are
negative and vice versa. It is considered pessimistic to use

a
E% = 0.34 , for positive deflections
at high Cr,, and
az : .
— 0.45 , for negative deflections
1

at 1OW CL °

By programing the outboard flap deflection to be half the
inboard deflection we can obtain the nett elevon deflections, required
for trim, given in table 1, for the centre of gravity at 0.21 c.

Cr Inboard Outboard AC Elevon
L Deflection Deflection m Deflection
1:2 420 80 0.0415 - 0.0206 2.7°
= 0.0209
12 8e 5.33° 0.0276 - 0.0137 240
= 0.01L
0.2 -30 =29 -0.0167 + 0.0052 190
= -0.0115

Table 1
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The corresponding distributions of 1lift coefficient are given in
figure 22 and the effect on induced drag is given on figure 17.

The increment in maximum 1ift coefficient is perhaps not as great
as is possible for a conventional sailplane but still gives us an
increase in performance. The true value of flaps is to allow an
aerofoil design of much narrower drag bucket and correspondingly
reduced minimum drag. The flaps shif't this drag bucket to the
desired operating Cy, range, without increasing the minimum profile
drag. As with conventional sailplanes this should give the tailless
another 10% performance incremeént.

Further improvement of the flapped wing would be possible by using
a spanwise variation of flap chord and eliminating the flap chord and
deflection discontinuities. The root section could use a 25 percent
flap chord and the tip section, a 15 percent flap chord.



42.

Zmouz<ﬁu d3ddVv14 d04 SNOILNGIYLSId IN3IJI44300 L4IT 3SIMNVAS

¢ 914

IMd| C e oo 1HEEENENERREEREREY s sty e TZimi = I
Ut m——__ | | fu || I [ N V) | Al
y —
\ Al e N J [ ] W i o O
N B AN IEEREE .
== ERE NN NN T i
et ldl’ll Lt UIIF.II . ]| ] o =R =
= — MMaeM= "N =
i = EEEEEEEED Emae==n NN NEELA AL 7 = uo
1\ y TR N 0 m= e EE R § -2 )
/ T .IUIII;N\ X 12 !IN.NIUI]I[’I’
\ i i = - / == 0

|
[

|
1T
| N}
|

)

T\
il
i

]JC
|
-~

~

|
|
o
‘O
o
|
|
~
7
1
F\

Iy
/
/

ol
o

|
|
[
P
|
|
|
I
I
|
|
[

\
-

& T \ /// 5 5 1 ) O O O e L1 11 I i wco
“““ : NEEEE a I 8 4
i TN TS T T i Swan 3 -
- n NER ‘wVI,ﬁ‘\\erl B |1w\\||wwMM\Hw\l ) = S
PP N - IS T 8 SEdums i T
2E= eI B E - /ﬁlz\nwl\ I = Oo_\
S i A AN .w_d‘mH\.\mmm,m‘.mwl‘ T W
T N NS o e T EEEEE
o 1 0 EEERIEREE N = nE U SNEEEEN L in |8 NN I -
AR AR A A s A A A A AR ‘mw‘ourmmw._.mmmnl EEEN REEREN
NN e SESREHEEE EREE RN B mENA HANREEEE SRS T arat
NN A R fwruvhwhw_... ; Mxhi‘/r/ilw\;t_ A
EEEm SEEEENASERE NN RN SEENNS SR, NN EEERNS umns % 1
] O O A O R e~ R AN NN B E P SR E N
AR B A W NS NN RN =N R === WW\‘HHMEJ\
L B N o T \m“ \W\\‘\\ i | 5 HE h/I\/\ ) I EERgSSH i O 1 [ 6 O w0 o = \4 Q.P
. EEREEN A NANEEEEEEE _ R R R A e
R R i NN NN R, EEEEE RN NS N R ‘Tw\ul
_ | f\.[. | : :_\1”[‘ ] 5] ) B INE 7] SR ERSEES B T T I I
- [/-z=uors|3 ‘g=dpj4 431N L g=dprH U el = D T P HoA
z %LH e T T P e e e e e SRS BN
EEEEE I [ ] _ 1 - L1 L Q-

19 jueioyye0) 1 esimunds



7. LONGITUDINAL DYNAMIC STABILITY AND CONTROL

Reference L3 gives a basic computer program to predict the
longitudinal and lateral stability and control of conventional
aircraft. The program was firstly modified to predict the
characteristics of aircraft with aspect ratios greater than 12.
The analysis of the Standard Cirrus sailplane was then carried out
and some inflight checks were made on the results. The program
was then modified to cope with tailless aircraft.

In this section the longitudinal. dynamic stability and control
of the rigid sailplane is investigated. A complete analysis and
specification of the proposed tailless sailplane, including non-
dimensional aerodynamic derivates, is given in section 9.

7.1 Modifications to the Program

a. Lift-curve slope

The program underestimated the 1lif't curve slope for
high aspect ratio wings. The values obtained from the
Multhopp program in appendix D were used. This is important
for the tailless sailplane because it provides a major con-
tribution to the short period damping coefficient.

b. Rate of change of downwash with incidence
The formula,

2K CLW
TA ?

£ =

given in reference L5, gave better agreement with published
values of-%%iﬁn‘sailplanes, than any other formula. The

computer program gave a considerable over-estimate.

c. Aircraft response to pitching manoeuvres

Appendix E contains the derivation and solution of the
full equations of motion for conventional and tailless air-
craft in pitch. Two forms of elevator applicatlon have been
considered. The instantaneous application of elevator
(elevon) allows an investigation of the aircraft "heave"
response. The results have been checked against the solution
for the Baynes tailless glider (reference 46) and the VC 10
(reference.h?). The second solution is for an unchecked
exponential elevabor (elevon) application. The elevator
application rate, X, was determined by considering the time
taken to achieve a given climbing pitch angle, during an
abrupt "pull up" from cruising flight to thermalling flight.
A program was devised and included as a subroutine of' the
basic program.



44

d. TForce and moment due to pitching

These less familiar terms are important for tailless
aircraft and are derived in appendix E. Besides being used
in the pitching manoeuvre response equations they are formul-
ated also as aerodynamic derivatives for the dynamic stability
equations. The variation of the moment term with aspect ratio,
sweep and centre of gravity is shown in figure 23.

e. Moments of inertia
The program predictions of moments of inertia for the
conventional and tailless glider were very poor and therefore
had to be calculated.
f. Elevator power
The terms ap and (hg - hy) for the tailless aircraft have
been derived in appendix B. (hg - hy) was finally determined

by using the spanload distribution program given in appendix D.

7.2 Short Period Oscillation

The short period oscillation characteristics, that is the natural
frequency and damping, together with the control system dynamics and
sensitivity to gusts, define the short term response to control inputs
and to gusts, and therefore have a large influence on a pilot's views of
the handling qualities of an aircraft. The results of an investigation
of the effects of these characteristics is shown in figure 24%. Varia-
tions of the pitching moment coefficient due to pitching, mg, between
-1.6 and -0.4, and of pitching inertia coefficients between 100 and 175
are investigated for two centre of gravity ranges and for high and low
speed. The axes used in figure 24 are the same axes on which pilot
opinion ratings are plotted. Therefore direct comparison can be made
with opinion ratings contained in references 48 and 49 for example,
There appears to be no problem with the slow speed characteristics.

The high speed (135 kts), forward centre of gravity characteristics
indicate very fast, over sensitive controls, with a risk of pilot
induced oscillations, Conventional high performance sallplanes also
approach these characteristics when flown at their extreme flight
boundaries. However, appendix B illustrates the severe changes in
stick travel and force per 'g' that can be expected with large centre
of gravity ranges on a tailless sailplane. The high frequency short
period oscillation characteristics are therefore best avoided (for the
time being at least) by keeping the forward static margin for the
tailless asircraft below 8 percent SMC.

Figure 25 compares the short period oscillation characteristics of
the Ricochet sailplane, given in drawing TG-GA-01, with the Standard
Cirrus sailplane. The speeds for comparison are the same and the centre
of gravity ranges are the extremes, being at 21 and 16.5 percent SMC for
the tailless. Water ballast has a small effect on the boundaries given
in figure 25. By comparison with reference 48 the tailless character-
istics appear the better of the two. The exponential characteristics
still have a high rating.
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7.3 Phugoid Motion

The continuous use of the controls by a sailplane pilot would
suggest that the phugoid motion is not as critical to pilot opinion as
for most other classes of aircraft. The time to double or halve
amplitude, rather than damping ratio, is still the most significant
handling parameter. A parametric study of the phugoid motion, using
the same values as for the short period motion given in figure 24,
showed that the pitching inertia had an almost negligible affect and
that low values of the static margin and mq were the most detrimental.
The times to double or halve amplitude for all cases considered,
remained within acceptable limits.

A comparison of the phugoid characteristics of the Standard Cirrus
and Ricochet aircraf't is given in figure 26. The shortest time to
double amplitude is 17.5 seconds and occurs at slow speed (1.2 Vg),
and forward centre of gravity. Reference L8 suggests that the time
to double amplitude should be greater than 17 secs and the time to
halve amplitude not less than 35 secs for satisfactory handling
characteristics. Both these criteria are satisfied.

7.4 Response to Instantaneous Application of Pitch Control

Figure 27 gives a comparison of the normal acceleration increment
per unit control deflection for the Standard Cirrus and Ricochet
Sailplanes. Although the elevon control is the most effective its
full deflection response is limited by its use as an aileron. The
most favourable method of pitch control for the flapped tailless
aircraft is the inboard flap segment. Optimum dolphin soaring
could be achieved by flying on the flaps alone. "Pull ups", to slow
speed, are achieved by downward flap deflections which increases the
available Cp, maximum and allows a further speed reduction. The
reverse is true for high speed flight as the flap deflections tend to
decrease the wing twist and nose up moment. Figure 28 gives the
same comparison at a speed of 118 kts instead of L47.1 kts.

It is apparent that the heave response of the proposed tailless
aircraft is negligible.

7.5 Response to Exponential Application of Pitch Control

A sailplene pilot is interested in achieving a certain nose up
climbing attitude during a pull up manoeuvre. IMigure 29 compares
the pitch attitudes obtained per elevator/elevon deflection for the
Cirrus and Ricochet at 47 kts and using a response factor, K, of 5.0.
The comparison in figure 30 for 118 kts uses a slower response factor
of 2.0 as could be expected in practice. Again the elevon control
has sufficient reserve in case a loss of efficiency occurs in practice.
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8. LATERAL DYNAMIC STABILITY AND CONTROL

Considerable modif'ication of the computer program of reference 43
was required to predict the lateral behaviour of the rigid tailless
sailplane. The most common problem was computing errors due to zero
values in the input data for empennage and fuselage dimensions.

Apart from these,the alterations which can be recalled are listed
below. The following formulae are Jjustified by their similar
prediction of values for particular sailplanes, published in various
OSTIV Congress reports, and the measured behaviour of the Standard
Cirrus Sailplane.

8.1- Modifications to the Program

a. Roll damping, Lp

Reference 50 gives a good estimate as

L _ iré (1+3>\)
P 12 (1 +XN)
do
where, ag = Jag °
L
Modifying for sweepback in accordance with reference 51,
gives
ag (1+3>\) A QJ
= e ——————— - 0.05 A (55—
Ly 12 0 an) L &6

b. Aileron Power, Lf

Again, from reference 50,

2 2 3
L °z 22 [(’Lo —2’114) C (1 on) o ;Tlis)} ,
B

€ T EA

where T, and M: are the non dimensional semispan location
of outboard and inboard aileron ends.

The above two corrections reduced the time to roll from +30
degrees to -30 degrees from the 12 secs initially given by the
program to the 3 secs measured for the Standard Cirrus.

c. Rolling Moment due to Sideslip, ly

The wing contribution was calculated from reference 51
as,

L (T aqy cosA+ Cp, tanA)(1 + 2))
v o= - 6(1 +N)

d. Yawing Moment due to Sideslip, ny

The wing contribution was calculated from reference 51
as,



U1
U1
°

2
or” tan /A - 1+ 2 1
v = a1 W - oL 6(1 +A) | cosA

This parameter is quite important for an aircraft
without fin and rudder and illustrates the stabilizing effect
of sweepback and destabilizing effect of dihedral. The
Ricochet has no built in structural dihedral but a 1g wing
bending was calculated as giving 0.7 degrees effective
dihedral. Anhedral would give inadequate ground clearance
for outlandings.

The body contribution to the yawing moment due to side-
slip presented some difficulty.. The computer program and
the data sheets of reference 5 always predict a destabilizing
contribution. Due to the tadpole shapes of conventional
sailplanes the predictions were not very good.

The following body contributions to ny were calculated
from reference 5.

-0.01172 for Standard Cirrus
-0.007 for Figure 1
+0,0013% for Figure 19
+0.008 for TG-GA-01

The latter value was calculated by the following two
methods:.

Using the data sheets of reference 5 in reverse such
that;

L LBF /)
- /
Sgr
lgp = 1.7 m lg = 3.4 m Spp = 1.424 m2 Sz = 2.1 m2

0.8

oy
]



(2
(@)Y
e

h? 505 Spp - law .
2 . g, —_— - 0.582
SB S lp

. Sp

W nyg = - (0.185) = = -0.00858

ie Nyg = +0.00858 in the correct sense.

Considering,

for a body contribution of zero

and, n = B S_ri - g (0.715)(1.25)
> RS ME TS T Y (G0.26)(15)
- 0.00813

where, a4p = 1.4 also estimated from reference 5.
e. Non dimensional Inertias

These were calculated for the actual aircraft and are
given in section 9.

f. Response due to Spoilers

The program was modified to give the response due to
spoilers alone and due to spoilers and ailerons combined.

8.2 The Lateral Oscillation

The amplitude of bank angle to yaw angle was approximately-% for
the Standard Cirrus and %+ for the Ricochet. An acceptable criterion
for predominantly yawing lateral oscillations is that the disturbance
must die to one half amplitude by the end of the first cycle. That

is the cycles to half amplitude should be less than one. A comparison



of relative values for the Standard Cirrus and Ricochet is given in
table 2 for different speeds, height and centre of gravity locations.

Hed ght Speed CYCLES TO HALVE AMPLITUDE
i Kis Without Ballast With Ballast
Ricochet Cirrus Ricochet Cirrus
0 47 .1 0.23 0.37 0.25 0.46
0 L7 . 0.22 0.36 0.25 0.l
0 118 0.31 0.57 0.36 0.64
0 118 0.30 0.56 0.36 0.63
4.57 e e 0.26 0.43 0.33% 0.65
4 .57 L7 A 0.26 0.43 0.32 0.62
k57 118 0.39 0.72 0.46 0.82
L.57 118 0.38 0.72 0.46 0.80
Table 2

In flight the Standard Cirrus sailplane demonstrates good
directional stability allowing the pilot to map read, select optimum
flight paths, and etc, without expending much effort on flying.

From table 2 the Ricochet appears to have slightly more damping.
This is mainly a function of sweep, dihedral and body shape and is
considered necessary to guard against any errors in estimating ny.
The Ricochet has no structural dihedral and assumes an aluminium
alloy spar giving approximately, 20 cms tip deflection per 'g'.

Lnother parameter for assessing pilot opinion when lateral roll
and yaw coupling occurs is the relationship between the reciprocal

of the time to halve amplitude.%T and gL ; where, ¢ is bank angle
-+ e

in degrees and vg is the equival%nt sideslip velocity. This is

demonstrated in figure 31.
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8.3 Spiral Stability

During slow speed thermalling (ecircling) flight the pilot of a
sailplane is actively controlling his aircraft by searching out the
stronger cores of 1lift. A degree of spiral instability is favourable
in this flight phase for two major reasons. Firstly, the "holding off"
of bank increases the available 1ift coefficient of the inner wing and
allows slower circling speeds, and secondly, the spiral divergence
assists the aircraft to seek out the areas of stronger 1ift by its
tendency to bank further as an upwards surge comes through the thermal.
In any case the time to double amplitude should not be less than
10 secs for "acceptable" handling qualities.

During the higher speed cruising f£light the sailplane has to be
more stable, neutral stability being desirable for some: speed in the
cruising range.

Table % gives a comparison of the times to double or halve
amplitude for the Cirrus and Ricochet sailplanes.



Height Speed C.G. TIMES TO DOUBLYE OR HALVE AMPLITUDE (secs)
ki kts © Without Ballast With Ballast
Ricochet Cirrus Ricochet Cirrus
0.0 L7 A ART -13.6 -11.2 -12.2 -12.0
0.0 L7 FWD -13.6 -10.5 -12.2 -11.3
0.0 118 ART 130.0 128.2 208 -1600
0.0 118 FWD 125.7 127.6 196 179 .1
L..57 L7 .1 ART -12.3 -11.0 -14.5 147
L.57 L7 .1 WD -12.3 -10.3 -14.5 -13%.8
.57 118 ART 159 160 256 200
4.57 118 FWD 153% 159 173 225
Table 3

8.4 Lateral Control

It is not surprising that the rudder on the aircraft of figure 1
is only 25% as efficient as the Standard Cirrus. Since the tailless
sailplane has less yaw damping than the conventional sailplane a corres-
pondingly lower forcing function is required for the same response.
Therefore the tip spoilers of figure 19 were tried next. The yawing
control derivative due to full deflection of a top and bottom 30% chord
and 5% semispan, tip spoiler is

Ag Ong s (0.0912)(1.4)(0.9)(7.5)
Ng g = - ——————— = -
5 b (10.26)(15)
= - 0.00561

The induced drag contribution is assumed negligible for the moment
by providing a suitable aileron deflection to resist any rolling due
to the spoiler. The Cirrus yvawing derivative due to a 259 rudder
deflection at the same speed is

_ e @ = 6
N% g = (0.0037) =53 0.01

Although the spoiler has only one third of the power of the Cirrus
rudder, the reduced yaw damping of the tailless provided it with half
the response of the Cirrus.

The tip spoiler was abandoned because,

a. a conventional spoiler along the aileron span could give a
more favourable roll contribution,

b. a conventional spoiler can more easily be segmented for
smoother control response, and
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c. tip effects, such as the spoilers effect on the wing tip
vortex, reduce the reliability of the calculated response.

Figure 32 gives the response of the Ricochet sailplane
(DWG PG-GA-01) to instantaneous application of full spoiler. The
pPredominant response is seen to be in roll, with very little yaw at

low speed, and an increased amount at high speed. Unlike the
Ricochet aileron response given in figure 33, the yaw, due to spoiler
deflection, is favourable, assisting the aircraft into a turn. At

slow speed the associated slip is quite smell illustrating that the
spoiler is likely to be an effective control for executing turns.
In fact, at slow speed, its roll response is equivalent to that of
the Standard Cirrus, giving approximately 3.7 secs to roll from

50 degrees to -30 degrees, and does not require the normal rudder
deflection to overcome adverse yaw.

The spoiler yaw response is due to the profile drag increment
of the spoiler and the reduction in induced drag due to the loss of
lif't. The yawing moments due to these two drag components oppose
each other. For take off and landing it is necessary to be able
to yaw the sailplane without banking. This can be achieved by
using the spoilers for yaw and the ailerons to oppose the roll. The
results are given in figure 3L and are compared to the Standard
Cirrus response due to full rudder deflection at the same speeds.
The wind tunnel tests, given in reference 52, show that the effect-
iveness of the elevon behind the deflected spoiler is reduced by
50%. Since there are two elevons the total elevon (aileron)
efficiency has been reduced by 25%. Thus 95% of full aileron
deflection is required at low speed and 60% at high speed to prevent
any rolling due to full spoiler deflection. Since the resultant
slow speed yaw response is 15% better than the Standard Cirrus the
control would appear to be satisfactory.

The Ricochet aileron response (figure 33) is better than the
Standard Cirrus response (appendix B), probably due to the increased
wing tip (and control) chords of the tailless. The capability exists
with the tailless sailplane to give complementary deflections of
aileron and spoiler. The results are given in figure 35 and at slow
speed provide a roll from 30 degrees bank to -30 degrees bank in
2.2 secs with relatively less adverse yaw than is obtained with
conventional ailerons.

For normal flying, the best method of executing turns with the
Ricochet will be by spoiler. The response at two speeds, L4.57 km
altitude, and full water ballast is given in figure 36. It is still
necessary to determine if the use of a spoiler for lateral control
degrades the sailplanes cross-country performance any more than
conventional ailerons. We: can relate the favourable yawing moment
due to profile drag of the spoiler to the function of the conventional
fin and rudder; the 1ift reduction being akin to the aileron function.
In this way we can compare the power dissipated (DV) by the Ricochet
with spoilers, to that dissipated by the Standard Cirrus conventional
fin and rudder on any given cross-country flight.



The profile drag coefficient increment due to full spoiler
deflection is given by,

Aq ) 0.1616

ACy = = Cpg
b = 5 "5 T Yo.26

(1.4) = 0.022 ,
which is over double the zero-lift drag coefficient of the sailplane.

For the Cirrus fin and rudder,

1.282

ACp = T, (0,08) = 0.0103 , for full deflection,
and,
Cp = (0.0065) %ﬁ%%g = 0.0008, for zero deflection

in normal flight.

Approximately 50% of a typical M28CReady soaring cross-country
flight is spent in circling (thermalling) flight. It is possibly
pessimistic to assume that a good competition pilot makes;

2 applications of full rudder every 10 mins
L+_ " " half’ 1 iy A 1"
20 i " quarter " n " n 5

during thermalling flight; ie a major rudder deflection every
20 secs. During cruising flight he might make;

6 applications of a third rudder every 10 mins
1 O 1 1" n quar-ter n 11 n n

A step application of 1.5 seconds duration, for all deflection types,
is not unreasonable. e can also assume that thermalling is
conducted at 23 m/sec and cruising at 70 m/sec.

The sea level, rate of power dissipation during a typical
20 minute flight segment using spoilers is,

= (ééi?go) (0.025251.225) 10.26 [(2 + % o EQ)(23)3+ (% +-%%)(7o)i

= 285.7

For the Standard Cirrus fin and rudder the power dissipation is,

(0.0103)  (0.0008)(41.225)(10.26) [(25)3 . 703]
(0.022) * 2 2 >

= (285.7)

= 153 + 892.8

= 1026



It is apparent that the tailless glider is much better off with
spoilers than a conventional sized fin and rudder. The cross-country
Prerformance calculations in appendix C assumed the existence of a fin
and rudder, as in figure 1, lending a slight amount of pessimism to
the results.
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9. SUMMARY ANALYSTS OF THE RICOCHET SATPLANE

This section contains information about the Ricochet sailplane
which has not been divulged in the discussion so far. Comparisons
can be made with appendix A for the Standard Cirrus. This is only
intended to be a precis of the results for the rigid aircraft solution
so far. This list of particulars help define the aircraft considered.

9.1 Ricochet Particulars

WINGS

Span (b)

Area (S)

Aspect Ratio (A)

Wing Root Chord (cr)

Wing Tip Chord (ct)

Wing Crank Chord (cp)
Standard Mean Chord (T) _
llean Aerodynamic Chord (c)
Taper Ratio (A\)

% Chord Sweep (A)
Dihedral (I)

Aero. Twist Root/Tip (©,)
Aerofoil Section

ELEVONS

Type

Span

Area (each)

Percentage Chord
Maximum Deflection Up.
Maximum Deflection Down

SPOILERS

Type

Span

Area

Percentage Chord
Maximum Deflection Up

FLAPS

Inboard Segment
Span
Area (eaoh)
Percentage Chord
Maximum Deflection Up

Maximum Deflection Down
Lift Curve Slope (a )
(ho)

Centre of Pressure

triple segmented,

15 m (49.2 £1)
10.26 m2 (110.45 £12)
21.93

0.7 m (2.395 ft)
0.50m (1.641 ft)
0.73 m  (2.395 £t)
0.683 m (2.24 ft)
0.689 m (2.26 ft)
0.685

13 degrees

0.0 degrees

5.0 degrees

Eppler

Plain

2.625 m (8.61 ft)
0.28% m2 (2.88 £t2)
175

26.67 degrees

13.33 degrees

Simple Hinge

2.625 m (8.61 ft)
0.161 m2 (1.74 £t2)
10.0

85.0 degrees

2.625 m (8.61 ft)
0.335 m2 (3.61 £t2)
17.5

10 degrees

80 degrees

0.70

-0.134



Outboard Segment
Span
Area
Percentage C
Maximum Defl
Maximum Defl

FUSELAGE

Overall Length
Maximum Width
Maximum Height

WEIGHTS

Wings (both)
Tuselage
Empty Weight
Instruments
Batteries

69.

hord
ection Up
ection Down

Equipped Weight (VWg)

Maximum Pilot Wei
equipment (WP)
Maximum Water Bal
Maximum A1l Up We
Nominal Weight Us
Control Calculs

Without Ball
With Ballast

INERTIAS

ght (with above

last

ight

ed for Stability and
tions

ast

1.875 m (6.15 f1)
0.24 m? (2.58 £42)
0.175

6.7 degrees

56.7 degrees

3.0 m (11.16 £t)
0.585 m (1.92 ft)
0.82 m (2.69 ft)

99.8 kg (220 1b)
55.33 kg (122 1b)
155.1 kg (342 1b)
6.8 kg (15 1b)
2.27 kg (5 1b)
164 kg (362 1b)

(250 1b)
(200 1b)
(812 1b)

113.4 kg
90.7 kg
368.3 kg

254.9 kg
345.6 kg

(562
(762

1b)
1b)

Taken about aircraft centre of gravity at all up weights of
254.9 kg (562 1b) without ballast and 345.6 kg (762 1b) with

ballast.

Forward Centre
of Gravity
Rolling (Iyx)
Pitching (Iy)
Yawing (Iy)

Aft Centre of
Gravity

Rolling (Iyx)
Pitching (Iy)
Yawing (Ig)

CENTRES OF GRAVIT

Forward (percenta
Aft

Without Ballast
1751 kg m2 (1290 sl.ft2)

194 .1 kg m? (143 sl.ft2%
1832 kg m2 (1350 sl.ft2)

1751 kg m2 (1290 sl.ft2)
168.3 kgm? (124 sl.ft2)
1832 kg m2 (1350 sl.ft2)
Y

ge standard mean chord)

(percentage standard mean chord)

With Ballast

24,21 kg m2 (1783.6 sl.ft2)
195 kg m? (145 sl.ft2)
2616 kg m2 (1927 sl.ft2)

2421 kg m2 (1784 sl.f+2)
171 kg m2 (126 sl.ft2)
2592 kg m? (1910 sl.ft2)

16.5 % SMC
21% SMC



T0e

SPEEDS
Stalling Speed (Vg) at W = 254.9 kg (IAS) 39.2 kts
Stalling Speed (Vg) at W = 345.6 kg (IAS) 45.6 kts
1.2 Vg at W = 254.9 kg (IAS) L7.1 kts
1.2 Vg at W = 345.6 kg (IAS) 54.8 kts
Design Diving Speed 125 kts

9.2 Gliding and Turning Performance

Figure 37 gives the Ricochet straight glide performance for
a nominal pilot weight of (200 1b), with and without water ballast.
The best, straight line fit to the Cp versus C1,c curve is given by;

Cy 2
L
Cp = 0.0076 + 1.28TA—
that isy
2
Cp = 0.0076 + (222 + 0.00333) Cf,

Figure 38 gives the turning performance at the same wing loadings.
The effect of water ballast on turn radius and sink rate is readily
apparent.

9.5 Aerodynamic Stability and Control Derivatives

The stability and control chracteristics have been analysed at
the boundaries of the sailplane operating envelope. Centres of gravity,
fully forward and fully aft have been combined with speeds of 1.2 times
stalling speed, maximum placard speed, with heights at sea level and
4.57 km (15000 f£t), and with and without water ballast.

Two typical sets of the derivatives for the rigid aircraft are
given below..

c.g. forward c.g. af't
Weight 345.6 kg 254..9 kg
Height 0.0 km L.57 km
Speed (TAS) 118 kts 55 kts
Centre of Gravity 16 .5% 21.0 %
‘Adrcraft Lift Curve Slope 5.68 ‘ 5.68
Static Margin 6.28% SNC 1.7
Manoeuvre Margin 9.7% SMC 4..8%

Longitudinal, non dimensional, Stability Derivatives

xy ~0.0093 ~0.0191
Ty 0.0595 0.326L
Xq 0.0 0.0

Zey -0.1452 ~0.7972
Zy, -2.8L5 -2.85
Zq -0.8883 -0.761
my, 0.0 0.0

My -0.1718 ~0.051



1,

Pitching Damping Ratio
Natural Damped Frequency

Longitudinal Control Derivatives

Elevon Lift Curve Slope (ap)

Elevon Centre of Pressure location (hg)

Inner Flap Lift Curve Slope (ay)

Inner Flap Centre of Pressure location

-1.254
0.0
0.451

50.13
1.89

1.814
2.57

Lateral, non dimensional, Stability Derivatives

Lateral Control Derivatives

Elevon Rolling Derivative Lf
Elevon Yawing Derivative n
Spoiler Rolling Derivative (For
full deflection)
Spoiler Yawing Derivative (For
full deflection)
/a2
iy
iy

C1lxz

-0.0171
0.0079
-0.0829
0.0422
-0.028
-0.7206
-0.0199

-0.2598
0.0057

-0.0394

-0.0056
3,667
0.1246
0.1345
0.0

-0.0196

0.0116
-0.0829

0.2316
-0.0269
-0.7212
-0.1094

-0.2173
0.0263

-0.0423

-0.0056
L. 306
0.1222
0.1278
0.0003
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10. THE NON-RIGID STRUCTURE

Apart from the effective dihedral due to 1g wing bending the-
aircraft has so far been considered rigid. The possible effects of
structural flexibility have already been illustrated on the design
study flow chart. Some. of these are now considered in a little more
detail.

Appendix F derives the most critical spanwise load distributions
for the preliminary stressing given in appendix G. The resultant
wing structure is shown in drawings TG-W-01 to TG-W-04, from which
the wing stiffnesses can be determined. Formulae for the wing
torsional flexibility will be required and will now be derived.

elastic

GX<-IS

@;Y’7‘7'

Twist of a Three Cell, symmetric box.

31‘50/0 48‘5 0/0

T = 2qq A + 2q2 A2 + 2q5 A3



©’ is the local twist about the wing flexural axis and is assumed the
same for all cells.

i 1P 1 fa, ol a,
" t b9 T® TP P
1 2

5
' L L
s 12 ! 1
Defining L = — = = etc
12 to 1 t ’
gives;
q = K1 a5
a; = K3 q2
n _ T
2 24y + 281 Ki + 243 K3
and,
de' 1 1 1 '
- k, (L' + L) -1
By 26 A \: 1 (4 12) 12] 42
1 t 1 1 1
_[1_2___ __l_3_2_ AL2+l12+L23 -l
Bl MGl Loy "R T
where, K4 = , ; ) ) )
Az —————f—‘L + Ay ———-l + Ao ——-————-l,
3 52 23 23

and, K5 =

Lo+ Lp+ by Lo & (K1 (11' + Lo Hz)
l

; K, —i& oo -
L Tl M 53 Lbs

For a constant wing chord of 0.73 m, and t1 = tp = t3 = t4, = t52 =
0.5 mm, t, = 2.0 mm, we obtain,

Ay = 0.0193 m?, A, = 0.0131 m? , A3 = 0.0176 m2
and, K»] = 0.4517 9 K3 = 0.4129
giving, Q = 17.42 T N/m
1
®. B 26 T rads/m where, y' is measured along the wﬂqﬂ
dy"' 106

flexural axis.
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Twist of Outer Wing

The 'I' spar contribution to torque is negligible. The tapered
section of' wing is therefore considered as a single cell box. Hence,

_ =z s ¥ _ 1 4 a8
q = oA an ay' = 2GA T p
afid A = (0.75)(0.13) €2 = (0.0975) ¢2

p = (2(.75) + 0.05 + 0.08) ¢ = 1.63¢C
t = const = 0.5 mm

giving,

. _2__1_4(._'1'_) rads/m
dy 10° G5

when T is in ¥/m and C in metres.

Structural wing twist ©' due to torque represents an aerodynamic
twist ©np, given by,

O = @' cosA .
A 1
b cos '
_ de a4
2 dy'
)
A 1
. D gos Ehl I a4 for the untapered section
2 6 ¢J
10
o
b cosA ! 1
= dodle L aq for the tapered section.
2 106 co

10.1 Variation of Wing Twist with Speed

Pure bending of the wing along its elastic axis does not involve
structural twisting but does produce an aerodynamic twist. The local
aerodynamic twist due to bending, ©p, is given by,

dz
Sy = - -, sin/A nose up

dy

when %;T is the local wing slope along the elastic axis with z

deflecfion positive upwards.
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Since,
1
Gz _ [T Mo b Ui_dz
dy EL - 2 cosA ET
0 o
we . have,
b 1 M
SN :EtanAf =T 47 .
(]

(M and T are determined along the elastic axis).

The nett aerodynamic twist, ©, , is given by;

S, = O .0

The spanwise variation of‘am is calculated in table 4 for Cp, = 1.0
and table 5 for Cr, = 0.2. An aircraft mass of 277.3 kg , composed of
maximum cockpit load and no water ballast, has been used in these
calculations. The corresponding spanwise variations of ©p is
calculated in table 6 and the nett aerodynamic twist is plotted on
figure 39. The resultant 0.2 degrees of washout, at both speeds, is
the worst case for the aircraft. A reduction in cockpit load, or the
addition of water ballast will reduce the wing bending and associated
washout., A greater nose up torque is also obtained by the addition
of water ballast, further reducing the washout. The aircraft with
full water ballast has a nett washout of 0.12 degrees at Cr, = 1.0
and 0.11 degrees at Cp, = 0,2.

Further rearwards shift of the twist axis on the wing to reduce
the nett twist is possible but is probably not justified at this stage.

10.2 Symmetric Gust and Manoeuvre Stability

A symmetrical upgust or positive 'g' manoeuvre produces a wing
bending deformation corresponding to the increment in additional 1ift
distribution. The effective aerodynamic washout due to upwards wing
bending produces a further nose up moment and increase in load factor.
This situation is unstable but not necessarily dangerous because, in
the gust case, their exists a nose down moment due to the aircraft
aerodynamic centre being aft of the centre of gravity, and in the
manoeuvre: case the response time constant is being controlled by the
pilot, implying that corrective action is likely to be possible for
8 sensible wing structure before a dangerous situation develops. This
depends on the amount of wing twist caused by the gust or manoeuvre.
As already illustrated the washout due to bending is partially offset
by the wash-in due to torque.

The manoeuvre case is distinctive by the elevon deflection.
However, since the elevon centre of Pressure almost coincides with
the local wing elastic axis we can ignore the local torque, due to
control deflection, and attribute the initial nose up rotation of the



78

Torque, T, n=1 Cr=1.0, W=277.3

) o 0 T
139.1 | 19.3 | -39.1 |119.3 306.7 0 0
120.5 | 16.5 | =31.6 [105.4 271 28.75 0.029
102.4 | 13.9 | -24.6 91.7 235.7 5l 0.055
8L.9 | 11.5 | -18.4 | 78.0 200.5 75.75 0.077
68.L | 9.3 | -12.6 65.1 167.53 94.25 0.096
52.5 7.3 -7.7 521 13k 109.25 0.112
37.8 5.3 -L.3 38.8 99.7 | 120.75 0.123
23.9 3.5 -1.5 25.9 85.2 | 130.4 Bt 71
13.3 %0 -0.4 14.9 6L.1 | 137.9 0.181
L.65| 0.8 | +0.4 5.85 3%.8 | 142.7 0.188
0 0 0 0 0 10,6 0.190

Table L
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Torque T,n=1.0,C1=0.,2,W=277.5
Lift | Wing | Cpao D —% Jﬁ1 . o
lass w67 s a4 p
139 19.3 |-195.5 [-37.2 | -=95.6 0 0
A | 116.2 | 16.5 |-158 _25.3 | -65.0 7.8 ~0.008
2 | 935.8 ] 13.9 |-123 5.5 | -39.3 12,95 0.0153
3ol 734 115 | =92 7. | -19.0 ~15.85 0,016
Ao | 5h3 | 9.3 | <63 +0.6 | 41.5 ~16.79 ~0.017
S| 37| 7.3 | -38.5 6.2 | 15.9 ~15.9 -0.016
6 | 224 ] 5.3 | -21.5 5.9 15.2 TR 0,015
10.9 | 3.5 7.5 6.9 | 22.7 ~12.6 ~0.013
.8 4.0 | 2.0 -2.0 w0 | 17.2 ~10.7 ~0.011
.9 1.0 | 0.8 +2.0 3.8 | 21.9 -8.7 ~0.009
.0 0 0 0 0 0 7.7 ~0.008

Table 5




Cp=1.0, W=277.3, n=1 C1,=0.2, W=277.3, n=1

' 1 & 1
[ I P ) I I A S O

x 104 x 104

0 |562.2 | 2903 | O 0 1951 0 0
0.1 | 491.3 | 2229 | 6.623 -0.066 | 1392 | 4.32 -0.043
0.2 |421.2 | 1687 | 12.53 -0.124 929 | 7.86 -0.078
0.3 [ 319.5 1220 | 17.91 -0.178 55% | 10.53 -0.10k
0.4 | 225.7 | 848 | 23.0 -0.228 293 | 12.63 -0.125
0.5 [187.6 553 27.6§ -0.275 121 | 14.0 -0.139
0.6 |103.4 | 318 | 31.9 -0.316 18 | 14.6 -0.145
0.7 | 85.1 160 | 36.7 -0.36L -22 | 14.5 -0. 1L
0.8 | 70.1 52 | 38.8 -0.385 -27 | 14.0 ~0,139
0.9 | 6.75 11 | 40.3 -0.40 -16 | 12.9 -0.128
1.0 | 6.75 0| 41.0 -0.407 0| 114 -0.113

Table 6
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alrcraft to the change in spanwise loading. In a high 'g' manoeuvre
this change in spanwise loading is likely to be of secondary importance
to thecadditional spanwise loading due to incidence. The latter will
cause the wing bending and associated washout as in the gust case. The
preliminary investigation will therefore combine the gust and manoeuvre
response by considering the nett wing deformation due to a change in
incidence:.

Figure 40 gives the nett change in aerodynamic twist along the wing
due to a unit change in load factor. The components of this twist due
to bending and torque are also illustrated on the figure. The
resultant 0.2 degrees washout per positive 'g' increment is quite small.
Bven at af't centre of gravity the nose down moment from a 1lift increment
due to upgust, acting behind the aircraft centre of gravity, is greater
than nose up moment due to the increased wing washout. Hence a stable
response is assured. In the manoeuvre case 0.2 degrees twist per 'g'
is equivalent to 1.5 degrees per g of control deflection and is likely
to manifest itself more as an increase in control sensitivity than an
instability. However the local torque due to elevon deflection and the
change in spanwise distribution, which have been neglected in the above,
act in a sense to reduce the calculated wing twist and no problem is
anticipated.

10.3% Coupling of Lontiduinal Dynamic Oscillations and Wing Distortions

If the aircraft encountered & disturbance, causing the wing to
vibrate in bending, an oscillatory pitching moment due to ©p would be
applied to the aircraft. This will not be resisted by an in-phase © 7.
In fact ©p is likely to be in the same sense as©p as in the case of
classical torsional flexural flutter. For normal flight speeds the
vibration is likely to be damped. However, the possibility exists
for the wing bending frequency to be close enocugh to a rigid aircraft
longitudinal oscillation frequency, causing dynamic resonance to occur.
The coupling is most likely, as it is in this case, between the short
period pitching oscillation and the wing bending vibration.

Appendix H is used to derive the formulae for the aircraft natural
frequencies in bending and torsion. The solution assumes a uniform
wing of constant mass per unit length, m and constant moment of
inertia I. It is given by,

1

&5 N2
Pl = =L where L is the semispan
(7EI‘) . .
o and, ¢J the natural frequency in bending
= 2.029 for m = 7.25 kg/m

2.098  for m =13.3 kg/m.
for the fundamental mode, and

= 4.839 to 4.926 for the second mode.
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The aircraft modes of distortion and other parameters for the
Ricochet sailplane required for the solution, are given in the
appendix.

Table 7 gives the natural frequencies for wings of different
uniform stiffnesses, with and without water ballast.

PL m ET co
(kg/m) (N - m?) rad/sec
2.029 7.25 289.6 x 103 14.63
2.098 13.3 289.6 x 102 11.55
2.029 7.25 10,8 x 107 10.35
2.098 13.3 1.8 x 103 8.16
2.029 7.25 72,4 x 107 7.32
2,098 13.3 72,4 x 107 5.77
1..839 7.25 148 x 107 58.8
1.926 13.3 14Jy.8 x 103 15.01

Table 7
The value of EI = 144.8 x 103 N-—m2 corresponds to the Ricochet
wing stiffness at approximately L45% semispan. The other two values
occur at approximately 20% and 65% semispan.
The range of undamped short period oscillation frequencies is,
0 to 6.1 rads/sec without ballast
0 to 5.6 rads/sec with ballast.
The range: of damped short period oscillation frequencies is,
0 to 4.0 rads/sec without ballast

0 to 4.3 rads/sec with ballast.

It is not obvious that coupling will be avoided. Work has been
initiated on the flexible aircraft dynamics.

It can be seen from table 7 that the first overtone frequency is
not likely to cause any problems with the rigid body dynamics. The
proximity of the wing fundamental torsional frequency is worth checking.
The estimate given in appendix H, is 53 rads/seo, which coincides with
the first overtone in bending. The mode shape of the latter is likely
to preclude any coupling.

10.4 Flutter, Divergence and Elevon Reversal

a. Flutter
From BCAR section E, the critical flutter speed in knots



EAS, is given by

mg (1 - 0.37K)(1 - 0.1r) 1.
Vep = B - (0.95 g 122 )
/2, E’Cz (1.6)(g - 0.1)(1.3 - n) 0w
where, mg = wing torsional stiffness between root and 0.7
semispan
6
= 28 95 #elradian
L3.5
b = wing span in ft
= L49.2 £t
c = SMC
=  2.244 Tt
K = taper ratio

= 0.9 for rectangular tapered

g =  percentage chord location of inertia axis
= 0.45
h = percentage chord location of flexural axis
= 0.4
r = stiffness ratio
_ 5 e
A% mg
= 0,006
1¢ = wing flexural stiffness between wing root and
0.7 semispan
106

75 1b. ft/radian

A is aspect ratio
= 22

0y = wing relative density

wing density
air density

= 11.62



wing density

Giving,

Total weight of wing
wing area x C

i

0.89 1b/f+t3

I

392 kts

I

Ver

This can only be regarded as a rough estimate because
although the sweep only has a smell effect, the body freedom
effect is unknown.

b. Divergence

The Broadbent criterion to cover the case of divergence

isz-

where, U

b
VD2 c? B
U= 0.000k4 (a; e)

4
cos2

is the strain energy in 1b.ft/radian for a torsional
deflection about the centreline of the box varying
linearly from zero at the wing centreline to one
radian at the tip.

is the design diving speed.

211 f.p.s.EAS

|

= 2.244 £t

130

1"

= 546

is the fraction of chord that the flexural axis is
behind the aerodynamic axis

= 015

Ve therefore require:

U = 41877 1b.ft/radian

The wing torsional stiffness is given by

1.0
26 2 A%t
b 7 U

(0]

120 x 10° 1b.ft/radian

1l

and satisfies the condition.

c. Elevon Reversal

Use of the Av.P 970 aileron reversal criterion suggests
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that;

v _(_Me a2 \?
R “( 2 a.m
A b co

where, Vi is the aileron reversal speed f.p.s. EAS

nj—

Mo is antisymmetrical torsional stiffness at the mid
aileron section

6
= k.t 1b.ft/radian
68

ao = 2.5 per radian
aq = 5.6 per radian
m = slope of curve of nose down moment coefficient

against aileron angle at constant incidence.

= 0.5

Hence, Vp 286 f.p.s. EAS

= 170 kts.

The Broadbent criterion is perhaps more comprehensive and.
suggests
VD2 c2 b ay m
U = 0.00035 3 .
cosZN\ 2 ag

ie U= 2380 1b.ft/radian

which is satisfied.
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11. CONCLUSIONS

For a given span, the conventional sailplane is likely to reach its
performance plateau by 1980. The only avenues of development for
further performance gains are variable geometry conventional sailplanes
or tailless sailplanes. Prototypes of the conventional chord concept
have been built in Great Britain and South Africa, and of the variable
span concept in Germany. None of these aircraft have shown any
performance gains and they are all prohibitively expensive.

A review of the tailless sailplane, designed for high performance,
has: been initiated in this thesis. It has been found that the demands
of high performance are not in conflict with those of stability and
control. A certain amount of additional care will be required to
determine the longitudinal balance and aerodynamic derivatives, but
these should only be temporary in nature. The greatest demands on
aircraft layout occur during the take off and landing phases. Increase
in wing dihedral to provide adequate wing tip to ground clearance gives
a reduction in dutch roll stability and an increase in spiral stability.
The increase in spiral stability has a considerable affect on sailplane
cross—-country performance due to the reduction in climbing 1lift coeffi-
cient with negative inboard elevon deflections. This problem is
associated with the undercarriage layout. To reduce the 'pitch-over'
tendency caused by hitting a bump on ground roll the aircraft should be
low to the ground and/or have a long wheel base straddling the centre
of gravity. The long wheel base prevents rotation of the aircraft by
the elevons and therefore requires a high wing angle of attack for take
off'. This in turn reduces the wing tip clearance.

The swept wing water ballast tanks do pose a problem for a 35%
wing loading increment.

With a metal wing, and the structural layout offered by low
Reynolds number aerofoil sections, the problems of flexibility have a
reasonable chance of solution. Although the sailplane layout given
in this thesis has theoretically different short period oscillation
and wing bending frequencies the possibility of dynamic coupling cannot
be ruled out. A sophisticated theoretical analysis will not provide
absolute responses during a coupled vibration but it could estimate the
likely damping.

The lack of satisfactory aerofoil sections is understandable and
with the existing tools this problem should only be temporary. The
tailless sailplane is likely to achieve a 10% cross-country performance
increment over the conventional sailplane of equal span.
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