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IN MEMORY OF MY FATHER



SUﬂMﬂQY

The symmetric flutter and response character-~
istics of a class of tailless ‘sailplanes are
investigated combining rigid-body dynamics
with elastic modes of deformation. The methods
usad are based on the normal mode approach
through the use of finite element techniques
and unsteady aerodynamic theories in two dlﬁoﬁ
siocnal flow. The flutter speed ona aeroelast
modes are critically examined and the &Ewblbo
are compared with those of a tailed sailplana.
-The flutter speed of the tailless cailplane is
found to be low in comparison with those of
orthodox layout and a parametric study is
undertaken to locate thes reason for thisy.
recommencdations are . made for improvements. A
method is proposed for the 'anqlVQim of the
short pericd oscillation character] istics of
flexible aircraft. aLLOJlng for the effects of
unsteady gerodynamxcq. Tt then appiisd to
the type of tailless sailp under investig-
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ation. Ths response to ouets and turbuience

is evaluated using both statistical znd dis-

crete gust methods. Commentz are made from the

cu'culatrd results about the HEBrUs lastic be-

havigur of tailless sailplanes in general.

Computer programs developed for detailed asro-

elastic celculations are presented.
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NOTATION

A Aspect ratio, area
A ) Gust response function
A(t) Indicial admittance {response to unit

- step disturbances)

ij : Aerodynamic force coefficients

B ARircraft pitching moment‘of inertia
about the centre of gravity

C .. T P SN

L Coefficient of lift (= Lift/3eV“S)

c(k) ' Theodorsen function

D Dissipation functicn, differential
operator ( D= d )

dt

E Young'é modulus

F Column of generalised forces

F(t) - Response to a unit step

F(e,0) Real part of Theodorsen function

G Shear modulus of rigidity

G( P,8) Imaginary pért of Theodorsen function

H ’ Gust length, gradient distance

H Tuned gust lergth at which maximum response
occurs

Hy Tuned gust length at which maximum positive
acceleraticon occurs

H Tuned gust length at which maximum negative

acceleration occurs



e (2)

H(y)

H(iw) .

H(iv),

H(iu&

Distance of seperation betueen two singie
smooth ramp gusts which form a pair

Hankel function of second kind and order n

Vertical displacement of flutter mode at
spanwise station y

-

Frequency response function, transfer
function

Frequency response Functlon of vertical
displacement

Frequency response function of pitching
rotation

Moment of inertia, second moment of area -

Second moment oF area in A - dlrectlon
(PAFEC)

Second moment of area in B - direction
(PAFEC)

Mas% moment of inertia of fuselage

Polar moment of inertia about PAFEC axis,

‘mass moment of inertia per unit length

Pitching moment of inertia of pllot/
fuselage assembly

Imaginary part
Imaginary part‘of flutter determinant

Bredt-Batho torsional parameter,
discrete gust scaling factor

Bessel function of first kind and order n
Stiffness matrix
Kernel function of order n

Unsteady aerodynamic lift, scale length
of atmospheric turbulence

Mass matrix, unsteady aerodynamic pitching
moment : .



Mass of pilot/fuselage assembly

MP+F

Ng Characteristic freguency (number of
zero crossings per unit time with
‘positive slope)

Qi Generalised force cortesponding to
externally applied force

Q, F(i) Ceneralised exciting force corresponding

* to ith mode

QA Fiutter matrix

afF . ARerodynamic matrix

QF 'Aerodynémic matrix due to forces arising

' from motion alone

d2 Real part

h(a) Real part of flutter determinant

S Stiffness matrix, wing area, semi-span

T Period of short period oscillation,

" kinetic energy-of motion of a system

U Rirspeed, aircraft velocity

Uo Gust strength parameter, velociuy com-
ponent of aircraft

v f Rircraft speed, potential energy

Vo Flight speed in steady state

Vg(x) Velocity distributicn eof discrete gust

ng Maximum velocity of discrete gust

W(t) Step function

W(x) Velocity distribution of a smooth ramp
gust

Wg N Gust strength parameter

HG R.M.S. velocity of gust input

Yn Bessel function of second kind and order n
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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 velocity increment along 0z

Non dimensional pitching moment derivative
due to rate of change of w

Number of degrees of freedom

Non dimensional yawing moment derivative
due to rolling
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due to yawing

Non dimensional yawing moment derivative.
due to side-slip
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- Generalised co-ordinate, angular velccity

in pitch (g =8)
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flutter, convergent oscillation and
harmonic gust

- rth generalised co-ordinate
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Time, wing root maximum thickness
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Time to half amplitude

Time when maximum positive response due to
smooth ramp gust occurs
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to air v

z - component of aircraft velocity relative
to air

Co-ordinates

Distance of aircraft C.G from flexural
axis and fuselage centre line intersection

Non dimensional symmetric force
derivative

rotary
Non dimensional symmetric force - velocity
derivative

Non dimensional symmetric force - velocity
derivative

Non dimensional symmetric force - rotary

derivative

Non dimensional symmetric force - velocity
derivative '

Non dimensional symmetric force - velocity
derivative

Pitching rotation, angle of sueep
Torsional mode shape of the rth mode
Euler constant = 0.5772....

Maximum response due to a smooth ramp gust
of gradient distance H

Maximum positive response due to tuned
gust length H

Maximum negagive response due to tuned
gust. length H

Flutter determinant
Acceleration increment
Dirac delta function

Dlsplacement of element at point Yi at
time t
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Spectral width parameter

Expected maximum response

‘Pitching rotation of flutter mode at

spanuise station y

Angle of pitch, parapeter in Theodorsen

function for generallsed motion

Rigid body pitching rotation (nose up)

+ chord sueep

-Complex argument oF Thecdorsen anctlon

(A =mt+ iw), root of characteristic
equaticn for short period oscillation
(/1: -Tr + is), taper ratio. :
Damping in the short period mode
Aircraft longitudinal density parameter

R.M.S. value of output acceleration

Density of air, parameter in Theodorsen
function for generalised motion -

Standard deviation of SPEClFlb random
variable :

Reference gust intensity
R.M.S5. value of a designated iandom input
R.M.5. value ef a designated.random output
Aercdynamic time |

Power spectral donsity of a deszgﬁated
input (atmospheric turbulence)

Power spectral density of Dryden spectrum

Pouwer spectral density of Von Karman
spectrum :

Jth normal mode
Modal matrix

Pouwer spectral density of a designated
output (normal or angular acceleration)



w Frequency

tﬂb, E% Flexural ?requency
;Uﬁk Torsional frequency
(Aj jth natural frequency
5p Frequency of short period oscillation
L J ~ Square orArectangular matrix
ry | Diagonal matrix
% }, Column matrix
A.C Rerodynamic centre
A.R Aspect.ratio
C.G Centre of gravity
C.L Centre line (fuselage)
FRP  Fibre reinforcedplastic
L.E/C.L Leading edgeland fuselage centre line
: intersection :
M.A.C Nean'aerodynémio chord

S.M.C Standard mean chord
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CHAPTER 1

INTRODUCT ION

Despite serious attempts made in the past,
the history of tailless sailplane design is
rather brief. The concept which is appealing
on grounds of improved performance, needs
authentication to satisfy aeroelastic consid-
erations. In general, sailplanes whether tailed

" or not with their light wings of high aspect

ratio have low structural stiffnesses and are
prone to aeroelastic problems even at lou
speeds. The usually adopted empirical aero-
elastic stiffness criteria developed for
powered aircraft do not provide useful results

“when applied to sailplanes and as such there

seems to be no adequate method in practice to
analyse their aeroelastic problems giving rise
to instabilities and structural failures. Thus
in the domain of aeroelasticity there is wide
scope for both fundamental study of phenomena
and for the development of practical techniques
for calculations. The complexity of the
problem increases when the design of the sail-
plane is tailless. Because of the absence of

a tail such a flying machine would have very
little damping in pitch. This makes the
longitudinal dynamics of the aeroplane a
formidable problem as it involves the dynamic
coupling of the rigid body motion with the
elastic modes of distortion of the aeroplane.

The aim of this thesis is to study such an
interaction and investigate the aercelastic
behaviour and response to gusts and other

“turbulence of a class.of high performance

tailless sailplanes whose preliminary design
studies show an over-all performance gain of
10% over conventional types. Designers of
tailless sailplanes have expressed concern
about the aeroelastic phenomena which could
prevent realisation of benefits from tailless
design. Since it is acknowledged that the
longitudinal dynamics of the flexible aero-
plane poses a severe problem, an exhaustive
treatment in this respect is warranted.



Although the special case of the tailless.
sailplane is kept in mind, a major portion

of the theoretical work applies to all air-
craft whether tailed 'or untailed. However,
new methods have been suggested to deal
satisfactorily with the problem of uncert-
ainty of the pitching behaviour of the tail-
less sailplane. Especially for the case with
a moderate angle of sweep the wing bending '
produces changes in incidence along the span
which in the presence of aerodynamic forces
will introduce twisting in the wing and hence
a pitching moment about the centre of gravity
of the aircraft. Consequently, the strong
likelihood of an aeroelastic instability

such as flutter or an unstable gust .response
or also an unstable coupling between wing
bending vibration and short period oscillation
demands a thorough investigation. The object
of 'this thesis is therefore, to undertake such
an investigation. »
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CHAPTE

BACKGROUND STUDIES

Although there exists a gap in the knowledge
of the aeroelastic behaviour of tailless
sailplanes, there is at the same time a wealth

of experience in the general field of aero-

elasticity. The uniqueness of the problem

made it necessary to refer to relevant research
papers and specialised text books. Some detail
pertinent to the research is gathered and
briefly reviewed in this chapter.

Design Development and fnalysis of Tailless

Aircraft

The concept of tailless aircraft design is
quite old and can be traced back to the period
from the early thirties and almost upto the
late forties. A significant portion of the
earlier attempts was largely confined to pou-
ered all-wing aircraft by some aircraft
companies whereas efforts to build high aspect
ratio tailless sailplanes for better perfor-
mance were concentrated within a few indivi-
duals with personal interest. In an unpubli-
shed report (Ref.1) different types of tailless
aircraft of the world have been surveyed with
details of their features and photographs..

During the late thirties and early forties

the Horten brothers in Germany built a series

of tailless sailplanes as described by Wilkinson
(Ref.2) but their progress did not continue
because of the effect of the second world uar.

- Other homsbuilders of tailless sailplanes uere

Feuvel, Marske and Backstorm and details of
their work are not knoun to be readily avail-
able. Only a few investigators studied the
general design aspect of tailless aircraft.
lieyl (Ref.3) published a series of papers and
attempted to explain some technical problems
of tailless design emphasizing the overall
stability and centrol of such aercplanes.

Lee (Ref.4) made a case for tailless aircraft
and discussed to some length thepreliminary
considerations and alsoc the difficulties of
tailless design. His papers point out that



the aeroelastic effects on the suept back
wing could be a serious problem.

In this period, very little analytical work
was done on the characteristics of tailless
aeroplane. Jones (Ref.5) studied the general
problems asscciated with the stability and
control of tailless aircraft involving im-
portant factors like the location of the aero-
dynamic centre and its effects on the longi-
tudinal stability, longitudinal trim with

high l1ift devizes and the effects of various
changes in the shape of the wing on lateral
stability. Zbrozek and Mettam %ReF.E) pub-
lished results on the stability and aero-
elastic distortion of a tailless aircraft
based on flight test results. The comprehen-
sive tests originally planned could not be
completed by them owing to the loss of the
aircraft in an accident. Trouncer, Becker

and Wright (Ref.7) performed wing tunnel ex-
periments on the stability of tailless sail-
planes and obtained interesting results.

Other investigators who studied the stability,
~control and trim of tailless aircraft are
Thorpe (Ref.8), Neumark (Ref.9), Johnston
(Ref.10), Lippisch (Ref.l1l), Hill (Ref.12),
Lyon et al (Ref.13), Warren et al (Ref.l4),
Trouncer (Ref. 15) and Wilkinson (Refs.16-17).
All these attempts made in the past, show that
the then available methods did not account for
the contribution of aeroelastic effects to the
overall stability of the aeroplane. Some
other research on aeronautical aspects was
carried out by Dent and Curtis (Ref.18) when
they estimated the effect of flaps on pitch-
ing moment and 1ift on tailless aircraft,

Lyon and Shepperd (Ref.19) produced results

in an interim report on the design of wing
sections for tailless aircraft.

Other contributors who investigated this fied
reported their work in Refs. 20-36.

More recently, Buchanan (Ref.37) produced a
design for a tailless sailplane claiming an
overall 10% performance gain over conventional
types. Serious concern expressed by him like
most other designers of tailless sailplanes
suggests that the aeroelasticeffect with all
its complex features has to be thoroughly
investigated before undertaking any attempt
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to build swuch an aeroplane. The aercelastic
investigation in this thesis concentrates
on the tailless sailplane whose initial design

was produced by Buchanan (Ref.37).

Stability and Control of Aeroplanes

There are quite a number of standard text books
on stability and control of aircraft. Some of
them are by Babister (Ref.38), Etkin (Ref.39),
Duncan (Ref.40), Kolk (Ref.4l}, Seckel (Ref.42)
and Irving (Ref.43). All these texts give
sufficient details about the rigid body dynamics
of conventional asroplanes. In particular, the
static and dynamic stability neglecting the
effects of compressibility and distortion has
been discussed in detail, the fundamentals of
which involve stick fixed and stick free man-
oeuvrability, evaluation of longitudinal and
lateral stability derivatives to study the
oscillatory motion of the aeroplane and its
response characteristics. In all these text
books, very little account has been taken of
the unsteady aerodynamic effects and distortion
of the aircraft structure. In the particular
context of this investigation, Morelli (Ref.44)
seems to be the only known auther to write a
book on stability and ceontrol of sailplanes.

He discussed longitudinal equilibrium, static
stability and control and also the lateral and
directional static stability and control of
sailplanes. Throughout his book, the sailplane
structure is considered to be rigid.

In the field of stability and control there

has been in the past some confusion betuween

the notational usage of British and American
systems. Hopkin (Ref.45) cleared the confusion
and proposed a scheme of notation which brought
consistency and uniformity to many research

"workers in this field. Although there exists

a sizeable number of research papers and re-
ports in the field of stability and contrel,

hey are omitted for brevity and alsc because
they do not cater for the direct need of the
present research. The analysis in the rigid
body domain is rather less imporitant in the
centext of this work. '
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Classical Aercelasticity

As in tne case of the stability and control

of aircraft, there are many text books on clas-

sical aercoelasticity of which the leading con-
tributors are Freberg and Kemler (Ref.46),
Scanlan and Rosenbaum (Ref.47), Fung (Ref.48),
Bisplinghof¥f, Ashley and Halfman (Ref.49)

and Bisplinghoff and Ashley (Ref. 50). These
text books are quite comprehensive and present
details about classical aeroelastic phenomena
such as flutter, divergence and control reversal.
Houwever, there are some limitations in these
texts about certain structural and aerodynamic
aspects of aeroelasticity. .In particular the
finite element method (which was not so much

- in use when these texts were written) and the

unsteady aercdynamic theory with three dimen-
sional effects have rarely been advocatead.
However, many of the existing problems of aero-

‘elasticity could be very well tackled using

these texts without much loss of generality.
Ref.49 which is guite frequently used by many
aeroelastictans, gives an exhaustive bibli-
ography at its end. The Manual of Aeroelasticity
(Ref.51) provides background material for some
of the practical aspects of aeroelasticity.
Recently Stacey (Ref.52) and Nahas (Ref.53)
have used the finite element method for the
structural part of the flutter analysis of the
Crantfield Aerobat A1 and a project asroplane -
respectively. The number of research papers
in the classical field of aeroelasticity are

‘too many and are not reported here again for

brevity. Houwsver, the classical papers aof
Collar (Ref.54) and Duncan (Ref.55) are

worth mentioning. Refs. 56-57 review the state
of the art for the past decade whereas Refs.
58-60 are quite fundamental and original

research work.

Dvnamics of Deformable Aircraft

The flexibility of the asroplane is considered
to be of basic importance to the consideration
of the present research. The literature survey
in this section therefore, provides the most
relevant information pertaining to the subjsct
matter of this thesis. '



On most conventional seroplanes, there is
very little coupling between the rigid body
moticn and the glastic deformation. To deal
with aeroplanes of considerable flexibility,
it is important toc combine rigid-body motion
with elastic distortion, which means combining
two major disciplines namely, stability and
control on one side and flutter and response
on the other. In recent years Taylor and
Woodcock (Ref.61) made a noteworthy effort
to establish an integrated approach and argued
that having a common ebjective the stability
and control analyst and the flutter and response
analyst should not work in watertight compart-
ments. Taylor's attempt was to satisfy the ‘
need by an extension to the deformable aircraft
of concepts developed for the rigid aircraft
in classical stability and control theory
whereas Woodcock, for his part, relied on an
extension of ideas from the domain of flutter
and gust response. - Houever, what was mainly
an academic problem for Taylor and Woodcock
proved vital for the requirement of the pressnt
research, The amgunt of published material on
deformahle aeroplanes with an integrated appraach
is small. Milne studied respectively the dy-
namics of deformable bodies (Ref.62), analysis
of coupled dynamical systems (Ref.63) and
dynamics of deformable aeroplanes (Ref.64)
and came to many useful conclusions. The
method cf modified derivatives or the guasi-
static method for predicting the effect of
flexibility of the aeroplane structure on the
rigid body motion has been used for many years.
There are some references dealing with specific
_ cases, Tayior (Ref.65) discussed the method '
in the context of general moticn of a flexibls
aeroplane., Apart from the report by Duncan
(Ref.66) the method seemed to be dealt with on
"a heuristic basis and has often been applied
without adequate understanding of its appli-
cation. Some of the criticisms came from
Hancock and Milne {(Ref.87) and Milne (Ref.64).
The method when applied, reorganizes the ‘
modified rigid aeroplane equations of motion
by a process of back substitution and those
terms which would lead to an increase in the
order of the rigid aeroplane characteristic
polynomial are ignored. Such a process will
often be straight forward but may run into
difficulties with the modified =squations as



explained in Ref. 63. Morecver, the method

of modified derivatives concentrates on the
modified system for the roots of small modulus.
This may be acceptable from the point of vieu

- of application, the method?'s neglect of the sy-

stem as a whole and in particular, of the
complex approximate soluticns to the initial
value and response problem means that the
status of the approximation is not clear.

Some of the earlier attempts in predicting
the dynamics of deformable asroplanes are due

~to Lyon and Ripley éReF.SBg, Lyon (Ref.69),

Fingado and Tayler (Ref.70), Paraghamian and
Lohman (Ref.71), Roskam (Refs.72-73) and Huss
and Danegan (Ref.74). More recently, sericus

attempts have been made by Wells (Ref.75),

Kemp (Ref.76) and Swaim and Fullman (Ref.77).
Ref.78 by the Boeing Company contains very
useful information and is a novel step towards
the solution of the stability problem of
elastic aeroplanes. Undecubtedly, one of the
main reasons for the relative scarcity of such
studies is that more complex mathematical N
techniques are required to solve such problems.

Response of Aeroplanes to Gusts and Turbulence

The response of aeroplanes tec gusts and tur-
bulence has been investigated by a great many
research workers. However, there has aluays
been a clear distinction between tuo approaches
to the problem - namely, the Power Spectral
Density (PSD) method used by American research

.workers and the Discrete Gust Approach ussd by

the British., Leading investigators who used
the PSD approach are Preéss and Mazelsky (Ref.

- 79), Diederich (Refs.80-81), Liepmann (Refs.

82-83), Etkin (Ref.84) and Payne and Cox
(Ref.85). Those using discrete gust approach
include Mitchell (Refs 86-87), Jones (Refs.
88-89) and Kaynes (Ref.90). Mitchell (Ref.91)
Houbolt and Kordes (Ref.92) and Houbolt (Ref.
93) used both approaches and cbtained useful
results., More recently, Jones (Ref.94) made

a significant contribution using both discrete
gust and PSD methods and drew the conclusion
that ultimately both methods give similar
results. Ref.95 is a recent report which
gives revised requirements for the flying



qualities of service aeroplanes and has. up-
graded many of the requirements stipulated
in Av.P970 (Ref.135) particularly with re-
gard to gusts and atmospheric turbulence.
Based on Jones' research (Ref.94) Purcell
(Ref.96) recently produced a computer program
which evaluates response of an aircraft to a
single and a pair of smooth ramp gusts. In
almost all cases solutions have been arrived
at for conventional aeroplanes where deform-
ability did not play a significant role.

Those who used transfer function represent- .
ation of aeroplanes to solve response problems
as early investigators are Coleman et al .
(Ref.97§, Lin (Ref.98) and Filotas (Ref.99).
Later Morito Ii et al (Ref.100) presented a
technique with an analytical evaluation of un-
steady aerodynamic forces and dynamic response
of a flexible aeroplane to continuous turbulence -
in supersonic flight by applying the PSD method
whereas Schmitz (Ref.10l1) proposed a normal
mode solution to the equations of motion of
flexible aeroplanes. Filotas (Ref.102) studied
the response of finite wings to sinusoidal
gusts on vertical oscillations and obtained
expressions containing both the vertical
oscillation (Theodorsen) and sinsusoidal gust
(Sears) cases and explicitly presented the
aspect ratio dependence. In a similar attempt
Kobayakawa et al (Ref.l103) investigated gust
response of an aeroplane both theoretically
and experimentally assuming that the gust
varied sinusoidally and also taking into con-
sideration the aerodynamic interference betueen
the wing panel and the tail panel. Other
informative research papers are by Mitchell
(Ref.104), Dempster and Roger (Ref.l1l05),
Bisplinghoff et al (Ref. 106), Houbolt (Ref.
- 107), Pratt (Ref. 108), and Traill-Nash and
Chandivert (Ref.109). The number of zero
crossings by the response quantity per unit
time with a positive slope and the probability
of exceeding a certain value have been dealt
‘by Davis and Swaim (Ref.110) and Pritchard
éRef.lllg. Cartwright and Longuet-Higgins
Ref.112) studied the statistical distribution
of the maxima of a random function and applied
the results to sea waves and pitching and
rolling motion of a ship.
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Unsteady Aerodynamics and Arbitrary lMgotion

of Aerofoils

Although the standard texts in aeroelasticity
mentioned in section 2.3 deal with some aspect
of non~-statiocnary aerofoil theory, they do not
completely cover the case when the aerofoil
motion is arbitrary. Earlier research relating
to aerofoil theory for non-uniform moticn has
been adequately dealt with by Von-Karman and
Sears (Ref.113) and Sears (Ref.l1l4). 1In a
later period Jones (Ref.115) determined the
aerodynamic forces acting on wings of finite
span in non-uniform motion in an incompressible,
inviscid fluid. Following Jones' work Luke and
Dengler (Ref.116) produced tables for the
Theodorsen function for gereralised motion of

an aerofoil. Based on Luke and Dengler's

work tables for the Theodorsen function are
draun in this thesis for ranges whicn have

not beencovered by them. In recent years,
Davies (Ref.l117) presented a method on the

basis of further development of the iifting
surfaceof Multhopp type to calculate the
linearised values aof generalised aerodynamic
force coefficients on a harmonically oscillating.
flat plate wing. He programmed his refined
procedure in ICL 1900 FORTRAN (Ref.118).
Zwaan (Ref.119) gives an sxcellent review of
unsteady aerodynamics and its integration in
aercelastic analysis., -

Finite Element Method

The finite element method is applied in this
thesis to obtain natural Treguencies and mode
shapes of the aeroplane. The package developed
in Nottingham University, U.K., knoun as PAFEC
(Program for Automatic Finite Element Calcul-
ations) is used. Details of PAFEC can be found
in Ref.120~121., The aspects of finite elemant
tructural idealisation can be found in Refs.
122-124,

Other References

Quite a few other publications have been con-
sulted of which the most relevant ones are



discussed here . Refs, 125-126 suppnlied
valuable information touwards deciding the

scale length of the gust while performing the
response analysis of the aeroplane. Refs.
127-128 provided useful material for ideal-
ising the aircraft structure and also for
deducing such structural parameters as torsional
stiffness, locaticn of shear centre stc.

A truncated modal analysis has been proposed
in this thesis arguing on a semi-~intuitive
basis that a sufficiently accurate solution
can be obtained byusing a system of equations
in which the effects of modes with frequencies
outside the range of interest are ignored.
Literature concerning the residual flexibility
approach making a partial allowance for the
effects of the neglﬂcted higher modes in
truncated modal analysis can be found in Re.s.
129-130. Furthermore Refs., 131-133 sucggest
useful mathematical tocls whereas Ref. 134
covers ‘a wide range of ideas for realistic
calculation of aircraft loadings. Refs., 135-137
serve the purpose of providing gUlOBl‘WPo of
airuorthiness requirement for service aero-
planes.

Interestingly enough, the uncertainties of one
of the tailless sallplanes uere repuxued in a
private cemmunication &Re..lZB) betueen the
author and a pilot who is alse a sailplane
researcher. While flying the tailless sail-
plane - BKB1, the pilot expsrienced violent
flapping motion of the fuselage indicating

an overall instabiiity. He wvividly recalled
that an upward movement of the fus u*age was
’accompanLBd by a dounward movement of %the wing
tip. The speed of the flight weas reported to
be in the higher ranges.
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* CHAPTER 3

SCOPE OF THE INVESTIGATION

“ Description of the Aircraft and Identification of the
~Problem '

The general layout of the tailless sailplane named as the
Ricochet whose preliminary design studies have been made

by Buchanan (Ref.37) is shown in Fig.1. The task herein is

to investigate the symmetric flutter and response characteristics
of the aeroplane. The elevons may play an important role in
the symmetric flutter and response characteristics but have

in this work been assumed to be rigidly fixed to the wing with
their angular settings at zero because of the non-availability
of stiffness data for the control circuit. The complexity of
the problem demanded a rigorous analysis involving the

coupling of the rigid body freedoms with those of the elastic
deformations. The Tongitudinal dynamics of the flexible
aeroplane being considered to be critically important, is given
a detailed treatment. In particular, the specific areas which
have been investigated are:- (1) the evaluation of flutter
speed and aeroelastic modes at flutter speed, (2) a parametric
study on possible improvements of flutter characteristics,

(3) the pitching behaviour involving the short period oscillation, 2

(4) the response to random atmospheric turbulence and also to
discrete gusts.

The results of the flutter calculations for the Ricochet* are
compared with those of a standard sailplane, the Kestrel-22m*.
Except in the case of the results of the flutter calculations
for which the Kestrel is used as a reference to relate the
behaviour of the aeroplane the remaining investigations are
centred only on the Ricochet as an attempt to predict its

aeroelastic character. Fig.2 shows the wing layout of the

Ricochet whereas Figs. 3 and 4 show the inner and outer wing
spars respectively. Fig.5 shows the root rib which illustrates
the aerofoil section. Other relevant details of the Ricochet
can be found in Appendix A and Ref.37.

* The name Ricochet is consistently used for the tailless
sailplane under investigation. '

*In what follows the Kestrel-22m is consistently referred
to as the Kestrel although there are other versions of
the sailplane .
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Assumptions

In view of the magnitude of the problem, it

is customary tc make simplifying assumptions,
the nature of which may vary according to the
objective of the analysis. Basically the
probiem is identified as a mathematical model
wvhere the aercplane is idealised structurally
and asrodynamically. Apart from the linearity
assumption which has been maintained through-
out the following points need special mention.

Structural Idealisation

Sailplanes whether tailless or tailed mostly
have large slender wings which can be idealised
as beam elements in the finite element ideal-
isation without any loss of generality. In

the case of the Ricochet, the fuselage is com-
pact so that the pilot/fuselage assembly is
idealised as a single lumped mass, The finite
element idealisation of the Ricochet is shown
in Fig. 6. In the case of the Kestrel, the
rear fuselage, fin and rudder assembly and the
tailplane are all idealised as beam elements
whereas the front fuselage and the pilot are
idealised as lumped mass elements. Fig.,37
showus the idealised Kestrel. The relevant
details needed for structural idealisation o
the Ricochet and Kestrel are repocrted in
Appendices A and B respectively. 0Only the
bending and torsional displacements asscciated
with the structure are considered and no
allowance is made for the spanwise direct
flexibility of the aeroplane. Since the finits
element package PAFEC (Programme for Automatic
Finite Element Calculations) is used, some of
the assumptions with regard to the selection

of element type are inherent in it. However,
the procedure followed in solving the eigen
value problem to cbtain natural frequencies

and mcde shapes is described in Appendix I.

Fa
i

Aerodynamic Idealisation

The unsteady aerodynamic forces acting on the
aircraft may be obtained theoreticallv by
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methods such as strip theory and vortex-~lattice
theory. Because of the large aspect ratic of
sailplane wings, strip theory based on Theo-
dorsen's flat plate unsteady asrodynamic thsory
is assumed to be adeguate for the problem.
However, alternatively provision has been made
to use a program devsloped by Davies {Ref.1x@y /8
which accounts for the three dimensional effecte
cf the airflow. It is assumed that the 1ift

is developed entirely by the wing and the con-
tribution from fuselage and other units is
neglected. The thickness effect of the aero-
foil is not considered as is obvious from the

flat plate theory.

Further Assumptions in Flutter, Short Period

Oscillation and Responss Analysis

In all stages of the analysis, conly the symmet
motion is considered., Thus in evaluating flut
speed, aeroelastic modes and cthar response
quantities, oniy the symmetric mode shapcs are

sed which by implication mean that the =2ilerons
(or clevons) are not moved. The ftwo rigid body
modes in the pitching plane, namely heave and
pitch, are incorporated as well as the selescted
elastic modes in symmetric motion.
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In investigating the shecrt period osci
characteristics, the unsteady asrod/n
have besen evaluated for the slastic a
and to study the same behavicur of the ric
aircraft, the standard method emplovying the
stability derivatives which ignores the un-
steady effects, is used for the sake of com-
parison. No attempt has been made to study th
short period oscillation characteristics using
the Quasi-static method! which akas p""ti'
allouwance for the flexibility ( Ref.55).
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in the csse of the response analysis turbulence
is considered tc be isotropic when the Pouwer
Spec*ral DensIty (P3SD) method is used. No
Opdnulae variation of the atmospheric turbul-
ence is taken into account. The exciting
turbulence is represented by the Oryden mnd

the Vorikarman spectrum in the PSD analysis of
the output response.

The assumptions mads in finding ths response
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to discrete gusts are mainly tuo fold. The
first is that the gust velocity which has only
vertical component is uniformly spread along
the span of the aircraft and secondly the
superposition theory is considered to be valid
which again implies the linearity assumption
so that the response to a discrete gust of
arbitrary profile can be calculated from the
response to a unit step with the use of Duhamel's
1ntegral

Unlike pouered aircraft, sailplanes are slou

~flying machines and the horizontal component

of gusts and turbulence will not be small com-
pared with the aircraft velocity and thus may
have significant effects on the response
characteristics. However, such an investigation
is beyond the scope of this thesis and only the
vertical component is considered. Furthermore,
any variation of the intensity of gusts and
turbulence and their time dependency at various
spanwise stations while passing over the swept
wing is neglected at all stages of the response

"calculations.

All calculations made are within the limits of
the above assumptions.

Summary of the Work

The work done in this th981s can be summarized
as Follous.-

(i) Formulation, evaluation and inter-
pretation of results from the analysis
of flutter speed and aeroelastic modes
at flutter speed of the tailless sail- -
plane - the Richochet. The comparison
of these results with the tailed sail-
plane - the Kestrel-22m.

(ii) A parametric study on the effect of

varying significant design parameters
of the Ricochet in order to locate
the cause of flutter and suggest ways
for possible improvement.

(iii) Development of a method and its computer

use to predict the short period oscil-

lation characteristics of the Ricochet

accounting for its flexibility and also
the unsteady aerodynamic effects.
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(iv) Further development of the transfer
function approach to evaluate- the
acceleration response of deformable
aeroplanes to continuous random atmos-
pheric turbulence and the calculation
of results for the Ricochet at various
spanwise stations.

(v) Determination of the acceleration
response of the flexible Ricochet to
an isolated smooth ramp gust and
evaluation of the worst response cases.
Investigation of the worst response
cases due to a pair of smooth ramp
gusts.,

Development of Computer Programs

Throughout the course of this research most of
the time has been devoted to the writing,
testing and developing of computer programs,
the background details of which are given in
Appendix L. However, the following programs
were supplied by external agencies:

(1) PAFEC - developed by Nottingham
‘University U.K.

This is a finite element package (Pro-
gram for Automatic Finite Element
Calculations) to solve static and

dynamic structural problems. The

version of PAFEC used in the calcul-

ations reported here is PAFEC 70%." A

later version of the package, namely

PAFEC 75 is now replacing PAFEC 707

but the eigen value routines are unaltered.

(ii) Program developed by D. E. Davies,
Structures Department, Royal Aircraft
Establishment, Farnborough, U.K.

This program calculates the linearised
values of generalised airforce co-
efficients on a harmonically DSClllatlng
flat plate wing in subsonic flouw by
further developing the lifting surface
theory of Multhopp type.

(iii) Program developed by A. G. Purcell,
Mathematics and Computation Departmenb
Royal Aircraft Establishment, Farnborough
U.K.
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"This program evaluates the critical
cases of the response of an aircraft
to a single and pair of smooth ramp
gusts (one-minus-cosine) when the re-
sponse to a unit step gust is knouwn.

(iv) Program initially developed by C.G.B.

’ Mitchell, Royal Aircraft Establishment,
Farnborough, U.K. and later modified
by and available in the College of
Aeronautics, Cranfield Institute of
Technology, U.K.

This program evaluates both longitudinal
and lateral stability of a ridig aircraft
by inputting its geometric and inertial
details.

Units and System of Axes

The S.I. unit has been consistently used in this
thesis. The system of axes used in the right
handed set ofcartesian co-ordinates the same

in general adopted in the stability and control
analysis. The x-axis coincides with the fuse-
lage axis and is positive foruard, the y-axis.
is in the spanuise direction and is positive
starboard and the z-axis is positive downwards.



CHAPTER 4

ANALYSIS OF FLUTTER SPEED AND AEROELASTIC
MODES AT FLUTTER SPEED OF THE RICOCHET AND
COMPARISON OF RESULTS WITH THOSE FOR THE
KESTREL

The flutter speed and aeroelastic modes of

the Ricochet are investigated using normal modes
to define the generalised co-ordinates. The
finite element package PAFEC (Ref.120) is used
to obtain the natural fregquencies and modes of
vibration. The structure is idealised as a

set of beam and lumped mass elements. As has
been previously mentioned, the longitudinal
dynamics of the Ricochet is the main subject

of the research and as a result the flutter
analysis has been confined to the case of motion
symmetric about the plane of symmetry of the
aircraft., Strip theory based on the Theodorsen
expressions for 1lift and moment is used to give
the unsteady aerodynamic forces in the flutter
analysis. However, provision has been made to
use a program developed by Davies (Ref.119)
which obtains the aerodynamic forces in a more
sophisticated procedure using Multhopp's
lifting surface theory in unsteady motion
(Ref.118). Strip theory is justified because
of the high aspect ratio of the sailplane wing
and the program developed by Davies has not in
fact so far been used for flutter calculations
mainly because of its excessive requirement of
computer time. The program, houwever, was used
in an early stage to obtain aerodynamic forces
at one value of the frequency parameter and it
did not give significantly different results
from the simpler theory.* In order to provide

a compariscn of the results of flutter calcu-

- lation, similar analysis was performed on the

conventional sailplane Kestrel. The details
of the analytical method used to formulate
flutter determinant are given in Appendix D.
However, the outline of the complete procedure
is briefly summarized as follous:-

(i) Structural idealisation of the sailplane
- as an assembly of beam and lumped mass
elements and evaluation of the finite
element properties as required for
“input to the PAFEC analysis.

¥ For a value of the reduced frequency parameter
(k) to be 0.1, the difference betueen the
results obtained using Davies' program and the
one using strip theory was less than 2 percent.



(ii) Use of PAFEC routines for dynamic sol-
ution to determine natural freguencies
and normal modes ¢f vibration of the
sailplane structure.

Selection of the normal modes to be used
in the flutter analysis and reduction of
the generalised mass and stiffness
matrices in diagonal form.
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(iv) Calculation of the aerodynamic matrix
: in terms of the generalised co-ordinates
from unsteady aercdynamic forces.

(v)  Formulation of flutter determinant and
its solution. :

(vi) Evaluatlon of flutter modes (Aeroelactlc
- ' modes at flutuer speed).

Method of Solution of Flutter Matrix

The soluticn of the flutter stability deter
minantal esquation (see equatlons D.6.1, and
D.6.1.8; Appendix D) is a compiex esigenvalue
problem pecause the determinant is a complex
function of two variables, the airspsed and

the frequency. The equations which make up the
asrodynamic terms are such that no explicit

~solutien for the vanishing of the determinant

can be derived. Methods of solution include .
those due te Thecdorsen {(Ref. 38), Smilg and
Wasserman (Ref,47 Chapter 13) and Buncan,
Collar and Lyon (Ref.55). The method used
here to solve the flutter determinant is sssen- .

~tially Theodorsen's method with some minor

modification. The Theodcrsen method (see Ref.
48 Section 6.,11) transforms the flutter det-
erminant to the Jx (= W\ L L0
K ) N A = . A — e ..

| W,k gy
plane whereas in this thesis an air-speed is
selected and then the flutter determinant
is evaluated for a2 range of freguencies. The
zeros of the real part of the detsrminant are
determined for inglc values of air-epeed by
noting the frequencies at which the sian of (K (4)
changes with variation of frequency. Linear
interpolaticn is used tc determine the zero
from the two values of the (§ (&) on either side
of the root. The zerocs of the imaginary part
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of the determinant J (4) are found similarly.

By repeating this process for a rangs of
air-spesds real and imaginary root loci are
draun and the intersecticon point is determined. .
The adjoining sketch shows a schematic vieuw
representing the nature of solution of the
flutter determinant in a practical situaticn.
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Moreover, if the real and imaginary part of the
determinant are plotted against frequency for
different air speeds then just before and after
the flutter speed, the plots will be as shown
belouw: : : '
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in the abave sketches, the cross over of the
curves for the real and imaginary parts indi-
cates the existence of a flutter spesd between
V; and V,. The method described in this section
is folloued in the Computer program to locate
the fluitter speed and freguency.,. ‘

Asrocelastic Modes at Flutter Speed.

in the previous ssction a method has bezen outlined



to determine the spesd by identifying the
frequency and airspeed at which the flutter
determinant vanishses completely. Once the
flutter speed and freguency are found out it

is of significant interest to study the flutter
modes. ' '

" As in any eigen value problem the eigenvectors
are found by deleting one rov of say, the r th
order matrix QA (see equations D.6.1. and D.6.1.8
Appendix D) and solving for (r-1) of the co-
ordinates in terms of the r th. In the Computer
program developed, the latter variable has been
taken to be that corresponding to the elastic
mode of highest frequency used in the flutter
calculation. HMatrix QA being complex, this
leads to the other variables (co-ordinates)
being complex numbers and so defining the rel-
ative contributions of the modes to the flutter
motion both in magnitude and phase. The results
of this calculation leads to the modal celumn

of generalised co-ordinates G . The flutter
modes in terms of the vertical displacement and
pitching rotation can be found by multiplying
the modal matrix by G . At a spanuise

" station y the aeroelastic modes inbending (ver~
tical displacement) and torsion {pitching
rotation) can be expressed as

. . . . r .
T (y) hi (y) hy (y) === hr (y)‘! ’51)
® ] }

QW) & ) L () - &L (T,
. ' . EEJ
00000040201

where hq (y), hy (y) --- h. (y) correspond to
~ the bending mode shapes cof the r-modes at span-
wise station y and 1 (y), do (y) --- &t (y§ ’
,are the corrgsponding torsional mode shapes.
H (y) and {)(y) are complex quantities and
their magnitude and phase give the relative
measure of the vertical displacement (bending)
and pitching rotation (torsion) vector at the
spanuise station y., It follous that the column
tri ~1 uith elem ~ e~ ~
maurlg {q},gltn elements B, Gy --- Gp
gives the contribution of the normal modes of
vibration to the flutter motion:
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H (Y) = Z hl a;
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= hq gq + hy q, A

and
— n
®H () = E i T;
i=1
=k Gy + Gy +

....;.(4.2.3)

In the description of the results later the
contributions of the various modes to the flutter
motion at different statiens is shown by vector
diagrams of the type of those given belou for

the case rt = 4.
the contribution of several modses

~as to be impossible to shou.

d

Vertical displacement
vector ] , j
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In some of the practical figures
is so small

Pitching rotation
vector

»~ Component vector

e ey Resultant vector
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Jhe real and imaginary parts of H (y) and
(y) are alsoc plotted along the span. For
many cases the variation of their absolute

‘values and phase angles along the span gives

meaningful descripuion of the flutter modes
and these plots are also given.

Results of Calculations (Ricochet)

The layout of the Ricochet and seome general
description of the aircreft have already been
referred to in Chapter 3. The structure of that
part of the Ricochet on one side of the plane

of symmetry as idealised into beam and lumped
mass elements is shown in Fig.6. The two rigid

~body and four elastic modes obtained from the

PAFEC analysis fer the case of unballasted

and ballasted wings are respectively shoun in
figs 7-11 and Figs. 12-16. These ncrmal modes
are used in the flutter anzlysis of the tuo
independent cases of the unballasted and bal-
lasted wings of the Ricochet and a close in- -
spection of the mode shapes is of value. Figs

7 and 1Z show the rigid bodymodes for the tuo
cases produced by the eigenvalue algorithm used
by PAFEC., For convenience in later description
of the results these have bsen replaced by heave
and pitch, The aeroplane has not been restrained
and these rigid body modes have been included

in the flutter analysis. The first elastic

mode of the Ricochet (wq = 18.28 rad/sec) wit
unballasted wings is shogun in Fig.8%, It will
be noted that this mode is primarily bending

of the Quept wing accompanied by a nearly con-
stant pitching rotation serving -te briw the
DltCuln; angular momsntum to zero. g. 9 shouws
the second elastic mode (Wp = 68.6 Rad/sec)
which again is dominated bv the veartical dis-
placement with a smzll mean value of pltanrg
rotation but with Droportiarqnely greater tuwist.
Fig.1l0 shows the third elastic mode (@ = 158,86
rad/sec) which is fairly coupled betueen the
vertical . displacement and pitching rotation.

*¥The Ricochet has a sueep of 139 in its leadlng
edge and in & its mode shapes the terms ver-
tical displacements and pitching retaticns are
justifiably mora appropriate than the terms
bending and tersional motiops.,

A’D bt



The fourth elastic mode (W, = 285.726 rad/sec)
showun in Fig.ll is mainly a torsionsl mode
indicated by a large amount of pitching ro-

- tation and with practically no amount of
vertical displacement. The mode shapes for the
ballasted case are shown in Figs., 12-16. (The
Ricochet wings have provision for water ballast
of 50 Kg in each and the ballast tanks run from
0.54 m to 4.38 m from the plane of symmetry).
The first two elastic modes shcwn by Figs. 13
‘and 14 (0 = 17.9 rad/sec and &, = 53.4 rad/sec)
of the ballasted Ricochet do not seem to be
very much different from those of the un-
ballasted case (see Figs. 8 and 9) although
there is a greater deviation in the freguency
values of the second elastic mode, The third
elastic mode shown in Fig. 15 (2 = 133.9 rad/
sec) closely resembles the mode shape of the
corresponding unhballasted case ng = 168,96
rad/sec) in Fig. 10 although the frequenciss
are quite well separated., The effect of the
water ballast has, however, caused a marked
difference in the shape of the fourth elastic
mode (W, = 238.09 rad/sec) shown in Fig.l6,

The unballasted fourth elastic mode (see Fig.
11) is largely torsional whereas in the bal-
lasted case the bending inertia aof the water
ballast seems to have brought doun the fre-
quency of a higher order largely bending mode.

ARs menticoned earlier the solution of the flutter
determinant formed by equations D.6.1 and
D.6.1.8 of Appendix D is a double eigen value
problem involving the airspeed-.and frequency .

in the flutter analysis, A typical example
showing the results fcllowed from the solution
~of flutter determinant te locate the flutter
point of the Ricochet with unballasted wings

is shown in Fig. 17 for the case vhen the
structural damping is zerc. Fig. 17 demonstrates
the root locus plots ef the real and imaginary
parts of the flutter determinant against the
airspeed. Their intersection gives the flutter
point, The first set of calculaticns is made
fer the unballasted case with no structural
dampinge. The flutter speed is found to be

38.8 m/sec (see Fig. 17). ‘

Once the flutter point is detsrmined the aero-
elastic modes at flutter speed are evaluated



based on the method described in section 4.2,
In Fig. 18 the vertical displacement and pit-
ching rotation vectors along threes points on
the wing of the unballasted Ricochet with no
structural damping are shown in an Argand
Diagram. The three spanuise statiens chosen
are the tip, midspan and root of the wing.
Thne vertical displacement vectore in Fig. 18
leading the pitching rotation vectors assume
larger values as the wing root is approached
from the wing tip whereas the pitching ro-
tatien vectors lagging the vertical displace-
ment vectors are very nearly of constant
magnitude along the span. The vectors re-
presented by Fig. 18 are the resultant vectors
of the vertical displacements and pitching
rotations at the three spanuwise stations
obtained by the use of equations (4.2.2) and
(4.2.3)., Figs 19-21 shou the contributions
of various normal modes which constitutes the
flutter mode for each of the aforementioned
points on the wing. The adjoining tables are
given with these figures for clarity and also
to show the small coniributicns from %the
higher modes which are impossible to drau.
Fig. 22 illustrates the plots of the rsal and
imaginary parts of the vertical displacement
and pitching rotation vectors respectively
along the half span of the wing whereas Fig.
23 shows the plot of their absolute values
and phase angles respectively in its top and
bottom halves.

The same analysis is carried out for the un-
ballasted case with a non-zero value of
structural damping coefficient (gg. With a
structural damping coefficient (g) of 0.05,
the analysis shous the expectedly small im=
provement in the flutter speed from 38.8
m/sec to 39,35 m/sec. Figs. 24-29 illustrate
the aeroelastic modes for this case with
structural damping coefficient 0.05. Using
the same procedure, the ballasted wings case
of the Ricochet is investigated and the
analysis shous the flutter speed with zerso
structural damping to be at 38 m/sec implying
that the water ballast does not affect the
flutter speed to any appreciable extent,
Figs. 30-35 explain the asroslastic modes for
this ballasted case.

The results of the flutter analysis for the .
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Ricochet are summarized in Table 1. In all
cases of flutter analysis mentioned in this
secticn and elsewhers the density of ths air
is taken to be 1.225 Kg/m3 (sea level value)
and the spseds obtained are all esquivalent
airspeeds.

Results of Calculation (Kestrel)

The general arrangement of the Kestrel sail-
plane is shouwn in Fig. 36.- The wings, rear
fuselage, tailplane and the fin and rudder
assembly are idealised as beam elsments uwhere-
as the front fuselage and the pilot are
idealised as lumped mass elements. The
idealised structure of one side of the plane
of symmetry is shoun in a schematic view in
Fige %37. Thes Kestrel is a glass fibre sail-
plane and its other distinguished feature
apart from geometric dimensions when compared
with the Ricochet is the fact that the wings
are straight. There is provision for water
ballast in the Kestrel* but only the unbal-
lasted case is investigated for the comparison.
The aircraft is given an increased number of
six elastic degrees of freedom to include

the fundamental torsiocn mode, together with
the two rigid body modes in the symmetric
motion. These modes are used as input data
for flutter calculations and an inspection

of them is werthwhile., The two rigid body

modes of the Kestrel shown in Fig. 38 are,
unlike the Ricochet case, pure heave and pure
pitch because of the straight wings. The
first elastic mode @01 = 11.8 rad/sec)af the
Kestrel is shown in Fig. 39 which by ocbser-
vation is the first bending mode of the aero-
plane without having any substantial amount

" of torsion at all. Fig 40 again is an un-

coupled one demonstratingthe second bending
mode (©, = 44.4 rad/sec) of the Kestrel.

Figs. 4I and 42 respectively shou the third
(w3 = 61.95 rad/sec) and fourth (w, = 100.1

rad/sec) elastic modes which are both coupled

¥The manufacturer because of its company peclicy
did not disclcse many of the technical details
of the Kestrel. The descriptien of the balliast
tank is one of thcse.



with reascnable amounts of bending and torsion.
The fifth elastic mode shown in Fig. 43
(5 = 112.1 rad/sec) seems to be the fundamental

torsion which is justifiably included in the

lutter analysis. Ffig. 44 shous the sixth
elastlu mode (wg = 115.8 rad/sec) of the Keotre
which 1is again a Coupled mode with frequbnrv
very nearly equal te the previcus one ang is
included in the analysis.

The first set of calculations which has been
made on the unballasted Kestrel is with no
structural damping. The flutter speed is found
to be 70.6 m/sec. The aeroelastic modes are
determined in a similar way like in the case

of the Ricochet. Fig. 45 shous the vertical
displacement and pitching rotation vectcrs®
along four spanwise stations namely, the tip,
midspan, 1.1 m from the wing rooct and the wing
root respectively at the flutter speed of the
Kestrel when the structural damplnq coefficient
is set to zero. As it is seen in Fig. 45 the
~vertical displacement and pitching rotation
vectors get rsduced as the root is approached
from the wing tip. How the resultant vectors
shown in Fig. 45 for the four spanuise stations
are formed by individual contributicon of nocrmal
modes through their respective generalised
co-ordinates is explained in Figs. 46-42 re-
spectively for each of the spanu1 se stations
menblonpd - '

The adjoining tables with Figs 45-49 facilitate
the readlng of the vector diagrams alon g the
real and imaginary axes. Flg. 50 glv es the

al

real and imaginary parts of the vertical dis
placements and pitching rotations respectively
. along the semi- span of the Kestrel whereas
Fig. 51 represents their absolute values and
phase angles respectively, Similar flutter
calculations for the Kestrel are carried out
for a structural damping coefficient of 0.08
and as expected the flutter speed rose to-
73.7 m/sec from it earlier value of 70.6

m/sec at zerc structural damping.

¥Although the terms bending and torsicnal vec-
tors can be guite appropriately used fer the
Kestrel, the terms vertical displacement "‘and
pitching rotation vectors are sometimes retained
in this thesis for uniform consistency.
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The aercelastic modes for this non-zero
structural damping case are illustrated
through Figs. 532-58. The resulis of the
flutter calculations for the Kestrel are
summarised in Tagble 2. '

Discussion of Results

Discussion of Results (Ricochet)

The flutter speed of the Ricochet with its
wings unballasted and alsc in the absence of
any structural damping is 38.8 m/sec (see

Fig. 17 and Table 1). This is very low and
far below the estimate of 150 m/sec by
Buchanan (Ref.37). The range of flying speeds
for sailplanes is roughly between 30-70 m/sec
in normal flight and therefore, this flutter’
speed is unacceptable. A structural damping
of 2.5% (g= 0.05) increases the flutter speed
slightly to 39.35 m/s=c (see Table 1). The
wing ballast does not seem to have any sig-
nificant effect in changing the flutter speed
to any appreciable extent. The ballasted case
of the Ricochet with no structural damping
results to a flutter speed of 38,0 m/sec.

The aercelastic modes of the Richchet at flutter o s

epeed for various cases have been shouwn in

" Figs. 18-35 and generally in all cases it is

found that the flutter modes involving the
vertical displacements and pitching rotations
are mainly influenced by the rigid bedy moticns.
A further inspection of flutter modes in Figs.,
18-.23, Figs. 24-29 and Figs. 30-35 clearly
revealsthat the wing root of the Ricochet
undergoes larger deflection than the wing tip.
A study of the results given in the adjoining
tables with Figs. 19-21, Figs. 25-27 and

Figs. 31-33 (representing contribution of
various normal modes to fluiter modes) makes
it clear why the tip deflection is relatively
smaller than that of the wing root. Referring
to the tables shown along with the Figs. 19,

25 and 31, it is indicated that at the wing

tip, the elastic deformation as vertical dis-
placement is counter balanced by the rigid
body vertical motion of opposite sign.
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Houwever, for a much clearer understanding the
aeroelastic modes need furthem investigations.
Considering the real part of the vertical dis-
placement and pitching rotation along the semi-

‘span of the Ricochet for the case shown in

Fig. 22 (2s a typical example from one of the
several cases investigated) and analysing
further how the flutter modes are comprised,
the explanaticn becomes evident in Fig. 59.
The top half of Fig. 59 shouws that the chief
contributors to the real part of the resulting
vertical displacement shown in Fig. 22 are the
tuo rigid body and first elastic modes. The
algebraic sum of the displacements arising
from these individual modes (() + Cé + G@.in
Fig 59) leads to the resulting real part of
the vertical displacement in Fig. 22.
Similarly, the bottom half of Fig. 59 explains
how the real part of the resulting pitching
rotation along the span in Fiag. 22 is made up
of individual normal modes and their algebraic
sum. The large values indicated in the scales
f the aernelastic modes in all cases of the
Ricochet are due to the fact that the general-
ised co-ordinates are evaluated in terms of the
co-ordinate of mode 6 (4th elastic) which
happens to make a small contribution to the
flutter of the Ricochet. The bottom halves
of Figs. 23, 2% and 35 reveal the well knoun
fact that in a flutter situation the torsional
motion (pitching rotation) lags the bending

motion (vertical displacement).

n

Discussion of Results (Kestrei)

It is reported by the manufacturer that the
Kestrel has suffered a wing flutter problem.
One pilet report states that the Kestrsl

wings flutter at a speed of about 140 Kts
(i.e. 72 m/sec) and this is cecrroborated by
the results of the investigation cited in
Table 2. Ths two flutter speeds obtained for
the Kestrel with structural damping coefficient
g = 0.0 and g = 0.08 are respectively 70.5
m/sec and 73.7 m/sec which are not well above
the safety margin. The aercelastic modes
along the semi-span showing the vertical
displacement and pitching rotation vectors are
illustrated in Figs. 45-51 and Figs. 52-53

for the tuoc respective cases with zero and



nonzero structural damping. The flutter .modes
of the Kestrel suggest that unlike the Ricochet
the wing root of the Kestrel does nct undergo
any appreciably large displacement {neither

the vertical displacement nor the pitching
rotation) as compared to its wing tip. Figs.
46-49 and Figs. 53-56 together with the ad-
joining tables illustrate the contribution of

~ various normal modes to the flutter mode and
it is well indicated that the rigid body modes
are not significant. An inspection of Figs.

50 and 51 for the case with no structural damp-
ing and Figs. 57 and 58 for the case with .
structural damping (g = 0.08) suggeststhat the
relative magnitude of the torsional displace-
ment as compared with the bending is apprec-
iably high in the resulting motion. The phase
angle distributions along the semi-span for the
two cases (g = 0.0 and g = 0.08) shoun by

the bottom half of Fig. 51 and 58 respectively
illustrate the expected lag of the torsional
motion behind the corrssponding bending.
However, the change in phase angle distribution
near the wina root (see Figs. 51 and 58) is
certainly not so obvious. The only possible
explanation is probably the influence of the _
fuselage inettia near the root. As in the case
of the Ricochet, a similar investigation is
carried out to split one of the flutter modes
and see what are the predominant normal modes
composing it. The reel part of the vertical
displacement and pitching rotation for the

zero structural damping case shown in Fig. 50
has been examined. Figs. 60 and 61 respectively
show how the real parts of the flutter mede in
Fig. 50 have resulted. The algebraic sum of
@ to @ in Fig. 60 corresponds to the real
part of the vertical displacement shown in the
top half of Fig. 50 whereas the algebraic sum
of to (8 in fig. 61 correspends to the
real part of the pitching rotation shown in the
bottom haXf of Fig. 50. It is clear from
Figs. 60 and 61 that the chief contributors

to the flutter_mode arg the first and fifth
elastic mode C@ and CD respectively which are
the fundamental bending and torsional modes

of the Kestrel. Since the investigation
demonstrates that the flutter of Kestrel wings
is due to the coupling between the fundamental
bendirg and torsional mode an attempt has been
made to more accurately establish these tuwo
mcdes through a ground resonance test (see
Appendix H) of the Kestrel. The results of



the ground resconance test as shown in Table
45 are in oood agreement with the PAFEC output.

Comparison of Results and Conclusions

It is of interest to compare the results obtained
for the Ricochet with those of the Kestrel,

First of all the flutter speed of the Ricochet

at 38.8 m/sec (unballasted wings, no structural
damping) is far below that expected for a
standard sailplane. The Kestrel analysis has
indicated a flutter speed of 70.6 m/sec (un-
ballasted wings, no structural damping) which
agrees very well with flight test results. The
type of flutter which is shown by the analysis

- has different characteristics in the case of

each sailplane. In the case of the Ricochet,

as is seen in previous sections, the flutter
occurs mainly as a result of the coupling between
the rigid body motions and the first elastic
mode of distortion., The instability is dict-
ated by the overall motion of the aeroplane

and the fuselage movement is considerably larger
than that of the wing tip. 0On the othsr hand
the flutter behaviour of the Kestrel is guite
normal and does not cause any appreciable move-
ment of the fuselage. The rigid body modes

"have little significance in contrast to the

case of the Ricochet. The analysis of the
Kestrel has given the straight forward impli-

' cation that its wings flutter in the orthodox

flexure-torsion manner combining fundamental
bending and torsional modes (demonstrated by
ground resonance test (see Appendix H)and also

- by theoretical calculations using PAFEC). In

the case of the Ricochet, no experimental evi-
dence is available to support the phenomena.

_ However, a private communication {Ref.138)
X ? .. LN ‘
provides some authenticity to justify the

theoretical results obtained on the Ricochet.
Ref.138 is the description of a flutter-like
instability given by an experienced pilot who
had the opportunity to fly the tailless sail=-.
plane BKBl, Flapping motion of the fuselags
is said to have cccurred with the BKBl as a
practical experience but not at a low speed
as the result shows in the case of the
Ricochet.

Such a low flutter speed of thes Ricochet has
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raised questions and doubts about the suit-

" ability of this sailplane. The expected

uncertainties which give rise a low flutter
speed were anticipated. by the original designer
of the Ricochet (Ref.37). However, the marked
discrepancy in the flutter speeds between the
Ricochet and the Kestrel has led to further
investigation on the possible improvement of
flutter characteristics of the Ricochet. The
effect on flutter speed of the variation of
basic design parameters of the Ricochet is
explored in the following chapter.

Note about Presentation of Flutter Modes in

Figs. 18-35 and Figs. 45-58

As explained in section 4.2 the flutter modes have
been normalised with respect to the generalised
co-ordinates of highest natural frequency. This
has meant that in the calculations‘ﬁ6 in the case

of the Ricochet and ‘58 in the case of the Kestrel
have been taken to be -1.0. The values of real

~and imaginary parts of deflections in the figures

are quoted relative to this base which, of course.
has no absolute significance. Thus relative mag-
nitudes and phases are only of significance
especially in Figs. 18, 24, 30 and Figs. 45,52,

Note about Selection of Normal Modes and

Convergence Criteria in the Flutter Analysis of

the Ricochset

As mentioned in earlier sections, in the flutter

- analysis of the Ricochet,- four elastic modes

together with the two rigid body modes in the
pitching plane have been chosen to describe the
generalised co-ordinates. * This has been initially
attempted to include the fundamental torsional
mode (4th elastic) of the Ricochet. In order

to have a check on the convergence of the results,
the number of elastic modes in the analysis was
increased from four to six. The flutter analysis:
carried out with the increased number of modes

did not produce any significantly different results¥

*In most of the cases, using a total number of six
modes flutter speed, frequency and aeroelastic
modes have been obtained. The results computed
with eight modes in the unballasted case of the

Ricochet were only 0.1 percent different from those

obtained with six modes.
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Houwever, in a later stage as it has been found

that only the first elastic mode combined with
the two rigid body modes, (heave and pitch) is
primarily responsible for the flutter of the
Ricochet, a subsequent analysis with only two
elastic modes has given sufficiently accurate
results. :
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CHAPTER 5

FURTHER INVESTIGATION INTO THE AEROELASTIC

INSTABILITY OF THE RICOCHET - A PARAMETRIC

STUDY FOR POSSIBLE IMPROVEMENT - OF ITS FLUTTER

CHARACTERISTICS

Purpose of the Study

The existence of flutter of the Ricochet at
38 m/sec poses tuwo fundamental questions -

(i) Why has this sailplane such a low flutter .
speed? and (ii) Are there any ways for possible
improvement of its flutter characteristics?

In the light of these two qusstions attempts
have been made to discover whether or not any
simple modification ef thepresent design of

the Ricochet can overcome its rlutuel diffic-
ulty,

Distinguishing Features of the Ricochet Cﬁmmarad

with Sailplanes of Similar Ciass

- Cirrus

Sailplanes having a span of 15 m are generally
said toc be of 15 m class., The Ricechet is,
therefore, a member of this class. The stan-
dard Cirrus sailplane which is alsc of 15 m
class and whoss particulars arevlisted in
Appendlx C, can be chosen a basis for compar-
ison when explor1ng variation of the structursal

. and inertial properties of the Ricochet. The

Standard Cirrus has almost identical asoect
ratio and wing area to the Ricochet (see
Appendices A awd C). There are two marked dif-
ferences between these tuwo aeroplanes; one
inertial and the other geometrical both of
which can be used as variables in the para-
metric study. The first characteristic is in
the pitching moment of inertia value. The
absence of a tail has made the Ricochet have
a pitching momgnt of inertia (about its C.G.)
of only_95 Kgm* for the unballasted case and
100 Kgm2 for the ballasted case whereas the
pitching moment of inertia of the Standard
%about its C.G.) is about 5 times this
value, Ths second chzracteristic is the angle
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of susep of 13° in the leading edge of the
Ricechet., Like any other conventicnal sail-
plane the Standard Cirrus has no sueep. Be-
fore taking up the parametric study other
worth mentioning paoints are:’

(i) The Ricochet has fuselage and wing

-weights comparable with the Standard Cirrus,

(ii) The fuselage length of the Ricochet is
half cf that of the Standard Cirrus, and

(iii) Equipment and pilot weight etc. are
substantially the same for the two aeroplanes.

Scope of the Parametric Study

The areas in which the parametric study can
be made effective are considered in the con-
text of a realistic redesign of the Ricochet.

These areas are as follous:

(i) The effect of the C. C position on the
flutter speed.

(ii) The effect of the pitching moment of
+ inertia of the pilot Fuseiage assembly
on the flutter speed :

(iii) The effect of the angle of sweep on
the flutter speed.

(iv) The effect of variable sueep with
variable pitching moment of inertia
of the pilot fuselage assembly on the
flutter speed.
The parametric study has been attempted only
for the unballasted case of the Ricochet. The

.‘'water ballast does not seem to make a great

deal of difference in the flutter character-
istics.

Effect of the C.G. Position on the Flutter

Speed of the Ricochet

The C.G. position of the wing is fixed and so
is the angle of sweep. The’ only way the C.G.
of the complete aircraft can be changed is by
varying the C.G. position of the pilot fuselage



assembly. The C.G. position of the pilot fuse-
[ B

lage assembly is moved forward and backward by
an amount 0.1 m in the present analysis which
means an overall C.G. shift of 0.064 m as in-
dicated by Table 3. In the bottom half of
Table 3, the natural frequencies are listed
for these twe cases of C.G. positions along
with the original case for analysis (cese A)

- for the Ricochet. The natural frequencies

have not been greatly affected by the change
in C.G. position as can be ssen in Table 3.
The mode shapes are alsc not altered to any
large extent. However, the first elastic
mode which was found to couple with the rigid

‘body modes in the flutter of the original

Ricochet is shown in Fig. 62 for the two C.G.
positicns. The results of the flutter analysis
for these two cases are shown in Table 4 as
case B and case C respectively, whersas case

A corresponds to the original analysis. As

is clsar from Table 4, the forward shift of
the C.G. reduces the flutter speed by a small
amount to 36.5 m/sec with an increased fre-
guency of oscillation to 10.8red/sec uhereas
the aft C.G. increases the flutter speed to
44,0 m/sec with a reduced frequency (reduction
in frequency) of oscillation of 4.3 rad/sec.

Effect of the Pitching Moment of Inertia on

. the Flutter Speed of ths Ricochet

-of 500 Kgm

- Because of the absence of a tail, the Ricochet

has a very low pitching moment of inertia of
arcund 100 Kgm2 (about its C.G.) when compared
with the p%tching moment of inertia of the order
of similar sailplanes of orthodox
layout., So the guestion arises as to whether
it is the low pitching maement of inertia which
causes the Ricochet to fluttser at such a low
speed. However, it is worth remembering that
before the analysis was carried out the ideal-
isation procedure followed for the Riccchet
and the Kestrel is of similar nature as far as
the wing idealisation as bsam elements is con-
cerned. But when the fuselage and pilot ideal-
isation of these two aeroplanes is compared,
there is a significant difference in the

structural elements involved (see Figs. B and

37). 1In the case of ths Ricochst, the pilot
fuselage azssembly is jusi a lumped mass having
some inertia nroperties {(mass and moment of
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inertias) and is located at a point on the
fuselage axis with respect to the reference
set of co-ordinate axss (ses Fig. 6). Hou-
gver, in the case of the Kestrel, the fuselage
is a series cf beam elements as well as tuo
lumped mase elements for the front fuselage
and pilot respectively (see Fig.37). Thus in
~the parametric study of the Ricochet the
changes that can be brought about will havs
to be the employment of various values of

the pitching moment of inertia of the pilct
fuselage assembly ( I§+F). The mass of the

pilot fuselage assembly (M which is

P+F)
“around 180 Kg for the Ricochet has not been
changed for practical reasons_(it may be
pointed out here that as an academic exercise
the flutter problem of the Ricochet was

solved with an increased mass of the fuselage.
An increment of 25 Kg did not produce any
appreciably different results). Since sym-
metric motions are always being dealt with,
only one half of the valuss af IP+F and mD+F

(respectively the pitching moment of inertia
and mass of the pilot fuselage assembly) are
- ueed in the analysis, The value of 1 Ip

" 5 +F
'in the original analysis of the Ricochet was
31l.2 Kgm2 and this has been increased to a
maximum value of 250 Kgm2 and the intermediate
values of 1 'IPAF are chosen by linearly

> ;

interpolating the radius of gyration. The
natural frequencies of the five cases with
different pitching moment of inertias (in-
cluding the original case of the analysis)
are reported in Table 5. An inepection cf
Table 5 suggests that except %he small
variation in the first natural fregusency, the
remaining highsr frequencies of vibration are
~almost invariant. As has been emphasised
befare, the first elastic mode ef the Ricochet
is important as it couples with the rigid body
motions tec give rise to a flutter condition
of the basic aircraft. It is worth mentioning
how the first elastic mode changes with in-
creased pitching moment of inertia of the
pilot fuselags assembly. Fig. 8 shous this
mode Ffor the original Ricochet (case A of
Tables 5 and 6) where there exists a certain
amount of pitching rotation along with the
primary constituent of vertical displacement.

#The pitching moment of inertia of the pilot
fuselage assembly is taken about the C.G. of
the asesembly.



“As the pitching moment of inertia of thepilot
fuselage assembly is gradually increased ac-
cording to the steps shown in Tables 5 and 6,
the amount of pitching rotations associated
with vertical displacements in the first
elastic mode gets further and further reducsd
and the two motions become more and more
uncoupled., 0Out of four additicnal cases |
(B to E) reported in Tables 5 and 6, twe have
been illustrated (cases B and C) for demon-
stration purpose to show how the first elastic
mode behaves with the increase in the pitching
moment of inertia of the pilot fuselage assem-

.bly. The mode shapes for the two cases are
shown in Fig. 63. Figs. 8 and 63 describe the
comparison of the first elastic mode for the

~three cases. As regards the flutter calcul-
lations, the results of all cases -~ <cited
in Table 5 are shoun in Table 6. An obser-
vation of the results in Table 6 suggests that
flutter speed improves as expected with the
increase in pitching moment of inertia and
for a respectable flutter speed of 86 m/sec,
the half value of the pitching moment of
inertia of the pilot fuselage assembly
(1. Ip,r) needs to be 175.58 Kgm? which, of

5

course, 1is without changing any other inertial
or structural parameters of the Ricochet,

A plot of the results given in Teble 6 is shouwn
in Fig.64 suggesting that flutter speed varies
almost linearly with the pitching moment of
inertia of the pilot fuselage assembly which

is a phenomenon particularly pertinent to the
Ricochet analysis. The nature of the flutter
modes for the cases with increased pitching
moment of inertia listed in Tables 5 and 6
(cases B to E) has remained the same. Housver,
a typical example of one of the cases (case B,
1 Ip,p = 66.08 Kgm?) with increased pitching
2 T .

moment of inertia is shouwn in Fig. 6% which
illustrates the absolute values of the vertical
displacement and pitching rotation and their
phase difference along the span. The other
interesting observaticn from the results shoun
in Table 6 is about the flutter frequency.

It has already been noticed that the Ricochet
flutters in an unusual way and the analysis

of the basic aircraft shoued a low flutter
frequency (B8.74 rad/sec) which is below the
first natural frequency (18.28 rad/sec) of the



aircraft. The results in Table 6 reveal that
increase in pitching moment of inertia brings

the flutter frequency. further down which again
means that the instabilityis an ovexrall in-
stahility rather than a conventional wing flutter
problem. The private communication (Ref.138)
abosut the behaviour of a real tailless sail-
plane gives some evidence to this effect.

Effect of the Sweep on the Flutter Speed of
the Ricochet

" The sueep in the leading edge of the Ricochet
is perhaps the special feature which distin-
guishes it from other type of conventional
sailplanes. Thebending of a swept wing pre-
duces changes in incidence along the span which
make the aerodynamic interacticn with the
glastic and inertia forces much more conducive
to flutter than in the case of a straight uwing.
The design study of the Ricochet (Ref.37)
explains why the aeroplane has to have a sweep
of 13°, Some of the reascns attributed are the
outcome of computer results on the basis of
wing plan form optimization, a reasonable C.G.
margin and also the desired wing loading.

The C.G. margin for the Ricochet is betuween
16,5 and 21% of the standard mean chord (SMC)
for the forward and aft C.G. configuration
(measured from the leading edge of the SMC) as
mentioned in Appendix A. The same margin is
all through maintained for the analysis pre-
sented here. A change in sueep changes the
aerodynamic centre {A.C.) and the C.G. position
of the aeroplane which are recalculated in

each case. The C.G. position of the piloct
fuselage assembly is so adjusted that the
margin between the A.C. and the C.G. of the

- complete aircraft remains constant in each

case for investigation due to a change in
swesp. Increase in the angle of sweep is out
of the question. Sweep is not only a struct-
ural penalty, it reduces the aerodynamic
efficiency considerably at subscnic speed

and the basic purpose of sailplane design %o
achieve a high lift/drag ratio will be seriously
hampered. The Ricochet had to be provided

with a2 sweep of 13° because there was no way
out to reach a reascnable design compromise.
However, without altering any other parameters,



two values of sweep angles 59 and 0% have been
tried in the parametric study {the second case -
is obviously the example of straight wing).
Table 7 shows the natural frequencies of
vibration of the three cases with variable
sweep including the original case with 130,
As the Table 7 shows, the frequencies are
unaltered except the minor change in the fre-
quency value of the first mode. The mods
shapes corresponding to the first natural fre-.
quency of the 130, 59 and 09 sweep cases are
respectively shoun in Fig. 8 and by () inp
Figs. 66 and 67. As expected, the sucep
couples the two modes (verulcal dlsplacement
and pitching rotation) and-the reduction in
sueep decouples the mode (A theoretical method
on hou sweep couples the modes of a uniform ;
swept wing is presented in Appendix J). Table
8 shows the results of the flutter analysis with
the three different sweep angles. It is esvi-
dent from results shown in Table 8 that re-
duction in -sweep increases the flutter speed.
Five degrees sweep of the Ricochet wings ‘
slightly increases the flutter speed to 40
m/eec. However, the straightening up of the
wings {(sweep = UG) has a more dramatic effect
and brings up the flutter speed to 54 m/sec.
It is also interesting to note (see Table 8)
that the flutter freguency goes up as the
wings are straightened. The aergelastic modes .
showing the vertical displacements and pitching
rotations aleng the semi-~span of the criginal
- Ricochet with 139 suyeep are given by Figs. 2Z
and 23 whereas figs. 68 and 65 correspond to
the cases af ‘59 and 0° sweep respectively.
Fu:ther'dbservation of the zeroslastic modes
for the 5° and 0° swueep cases (see Figs. 68
and 69) and a comparisoh of those with that
of the orlalnal Ricochet case \sem Figs. 22
and 23) with 139 suesp support the fact that
-the econtributien from +he first elastic mode
is relatively higher in the reduced sweesp angle
cases of 59 and 0% than in the case of the
original Ricochet with 130 suysep. The inves-
tlgatlons made here are all for cases with
change in sweep alone and the pitching moment
of inertia of the pilot fuselage assembly
which is one of the critical elements to
affect the flutter speed is maintained to re- )
tain its original value /1 1 - = 31,2 Kgm ).
(5 “P+F
In the section follows the pitching moment of
inertia is changed together with the variable
swesp cases to investigate whether or not a
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compromise between the two is possible for
an acceptable flutter speed of the Ricochet.

Effect of Both Variable Pitching Moment of

Ingrtia and Sweep on the Flutter Speed of

the Ricochet

The pitching moment of inertia of the pilot
fuselage assembly of the Ricaochet is varied
when its swueep is already changed. The cases
for 59 and 0° sweep are trsated separately.
For thes first case when the sweep of the Ric-
ochet wing is made to be 509, the natural
frequencies of vibration are reported in Table
8 for three different values of pitching
moment of inertia of one half of the pilot
fuselage assembly. 1In Table 9, case A cor-
responds to the pitching moment of inertia
value of the original Ricochet (1 In =
5 +F

31.2 Kgm?). No significant variation in the
natural freguencies for variable moment of
inertias is found to occur as seen in Table 9.
The first elastic mode for the two cases (cases
A and B) of Table 9 is respectively sheown in
Fig. 66.As in previous cases, it is found
(see Fig.56) that increase in pitching mament
of inertia results in decoupling of the maodes
with reduction in piteching rotation. The
results of the flutter analysis for cases cited
in Table 9 are shown in Table 10. The selection
of an apprepriete pitching moment of inertia
value in Table 10 lies between case B and case
€ to bring the fluttsr speed within acceptabls
limits. For the values of 1 I as 75 Kgm?2

5 +F
(case B) and 175 Kgm2 (case C) the raspective
flutter speads are 60 m/sec and 117 m/sec.
About the flutter frequenciess reported in Table
10, the behaviour is quite similar to the 13°
sweep case (see Table 6) whsre the reduction
in flutter frequency resulted due to the in-
crease in the pitching moment of inertia values.
The aercelastic modes at flutter speed for this
59 sweep case are shown in Figs. 62 and 70 for
two cases {cases A and B) taken from Tables
9-10.

In a similar way ths pitching moment of inertia
of the pilet fuselage assembly is shangsd for
the straight wing: case and the corresponding



- 41 -

natural frequencies are not found to be sig-
nificantly different (see Table 11). Case A
in Table 11 has an equal amount of the pitch-
ing moment of inertia of the original Ricochet
whereas in case B and case C the figures have
been increased to some arbitrarily higher
values. The first elastic mode corresponding
to case A and case C of Table 11 is shown in
Fig. 67 which again indicates less pitching
rotation in the higher pitching moment of
inertia case. The flutter calculation results
of the straight-wing case presented in Table
11 are reported in Table 12 which are parti-
cularly interesting. As seen in Table 12,
a velue of 1 I pif 2% 50 Kgm“ is sufficient

> +F ,
to keep the flutter speed of the Ricochet at
85 m/sec which in comparison with the Kestrel
flutter speed (70.6 m/sec) is a good result.
However, it is not out of place to mention
that the structural details of the Ricochet
and the Kestrel presented respectively in
Appendices A and B reveal an important fact
that the torsional stiffness of the Ricochet
wings is quite high in comparison (see Figs.
118 and 120). Therefore, it is likely that
a conventional sailplane having wings of the
Ricochet type will flutter at a relatively
high speed. It is also interesting to note
from the results in Table 12 that unlike
130 and 59 sweep cases, the flutter freguency
of the straight-wing Ricochet goes up with the
increase in the pitching moment of inertia
values. The flutter modes of two cases from
Table 12 (cases A and B) are shown in Figs.
69 and 71 which reinforce an earlier mentioned
point that in the case of straight-wing, the
contribution of the first elastic mode to the
flutter mode becomes higher in comparison with
the swept wing cases. '

Salient Features of Results from the Parametric
Study

Although the results of the parametric study
with the variation of geometric and inertial
parameters of the Ricochet have already been
discussed to some length in sections 5.4-5.7,
some salient features of the calculated results
are well worth consideration.
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The effects of the C.G position of the Ricochet
on its flutter characteristics have been dis-
cussed in section 5.4 and the corresponding
results have been reported in Tables 3 and 4.
The aft C.G improves the flutter characteristics
(see Table 4) and an increment of flutter speed
by ahout 6 m/sec from the original value of

38 m/sec is reported to have occurred. The
reason for this improvement as has been ex-
plained earlier, is the fact that in the case
of the aft C.G configuration, there is less
amount of pitching rotation associated with

the first elastic mode (see Fig.62) which is
primarily responsible for the flutter of the
Ricochet. Moreover, the aft C.G position
increases the pitching moment of inertia of the
complete aircraft which is again a contributory
factor to this change. However, for the fuwd
C.G configuration the converse of what has

been said so far, is true. In the analysis,
the C.G has been shifted forward and backuward
by an amount of 6 cm from its original
position. A much wider C.G margin is not
feasible because the slight change in the C.G
position is only the direct result of the
effect of the wvater ballast as well as the
pilot's sitting position and the inclination

of his back. However it is important to
examine the effect of the C.G position on

the ratio of the vertical displacement and
pitching rotation at flutter speed and also

the variation of their phase difference. The
behaviour has been illustrated in Fig. 137 where
the relative magnitude of the vertical dis-
placement is higher for the aft C.G configuration
as compared to the case of the original Ricochet.
The associated lower values of the pitching
rotation so indicated in Fig. 137 for the aft
C.G have resulted in the larger values of the
~phase difference between the vertical displace-
ment and pitching rotation to satisfy the
‘requirements for the flutter condition. 1In

the case of the fud C.G configuration, the
opposite is true (see Fig. 137) uwhere compar-

" atively lower values of the ratio of the
vertical displacement to pitching rotation

have resulted into lower values of the lag of
the latter motion to the former at flutter
speed. :

In section 5.5 the effects of the pitching
moment of inertia of the pilot/fuselage assembly
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on the flutter characteristics of the Ricochet
have been discussed in sufficient details with
illustrations given by Figs. 23, 65 and 64 and
Tables 5 and 6. It has been observed that an
increase in the pitching moment of inertia value
not only increases the flutter speed but also
reduces the amount of pitching rotation effected
in the resulting flutter mode (see Figs. 23 and 65).
In Fig. 138 the ratio of the vertical displacement
and pitching rotation and the phase difference

of the two are shown for increasing values of

the pitching moment of inertia as included in

the analysis. It is quite clear from Fig. 138
that for higher values of the pitching moment of
inertia the associated pitching rotation in the
flutter mode is lesser but the corresponding lag
of the pitching rotation has eventually become
higher in the higher pitching moment of inertia
cases. ’

The effect of sweep on the flutter behaviour:

- of the Ricochet has been dealt in section 5.6 with
detailed discussion of results. Much reduction
in sweep is not possible mainly because the
achievable control efficiency may become far

less than that required. Houwever, like the
previous cases of the parametric study, the
relative magnitudes of the vertical displacement
and pitching rotation and their corresponding
-phase difference for the swept and unsuept cases
are illustrated in Fig. 139, It has already

been noticed that in the case of the unsuept
wing, there had been a comparatively greater
contribution from the first elastic mode (see
Figs. 23 and 69) to the causation of flutter

of the Ricochet and in this regard the results
shown in Fig. 139 are particularly interesting.

An overall general comment about the flutter
modes of the Ricochet is the fact that although
“there is a substantial amount of elastic de-
formation associated with the vertical motion
at flutter speed, the Ricochet wings having
high torsional stiffness do not seem to have
any amount of tuwist in the resulting flutter
mode and everyuwhere there exists an almost
constant pitching rotation of the complete
aircraft.
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Conclusions from the Parametric Study

It is clear from the results of the parametric .
study (see Tables 6, 8, 10 and 12) that the
low value of the pitching moment of inertia

as well as the angle of sweep are responsible
for the low flutter speed of the Ricochet.

The real compromise involves in changing both
these parameters to obtain an acceptable
flutter speed. It must be noted that appropriate
C.G margin has to be achieved whenever the
sweep is changed. Straightening the wings
improves the flutter characteristics of the
Ricochet and brings the limit within accept-
ability only when the pitching moment of
inertia is increased which is difficult, if
not impossible, with a tailless layout. In
the existing form of design of the Ricochet
out of 100 Kgm?2 of its total pitching moment
of inertia about 38 Kgm2 comes as a contrib-
ution from its pair of swept wings. Straight-
ening up the wings will result into limited
supply of the pitching moment of inertia
values from the wings and the required amount
cannot be achieved without providing a tail

unit. Thus to make the Ricochet an operational

flying machine, the idea is confronted and the
concept of tailed design comes back again.
However, as long as the aeroplane is not flouwn
within the flutter affected zone, the low
frequency instability giving rise to the flutter
can be of no principal concern. It is much

of practicality left to the designer to decide
design parameters from the results of the
parametric study and make a tangible approach

to any further design of tailless sailplanes.
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CHABTER 6

ANALYSIS 0OF SHORT PERIOD LUNBITbDIRQ' 0SCIL~

CLATIONS OF THE RICOCHET

It is clear from the work described in Chapters
4 and 5 that the flutter problem of the Ricochet
is a serious one. Although the flutter speed
achievable from the existing design is un-
acceptably low, no attempt has been made (apart
from the recommendations in Chapter 5 as a
result of the parametric study) to redesign

the aeroplane., The subsequent analyses in this
thesis emphasize the treatment of the aircraft
as originally projected toc establish if thers
are other important aspects which could jeop-
ardize the existing design.

The Ricochet without having a tail is expected
to suffer loss of rotary damping. The effect
can be very important and in some cases may be
so strong as to make damping of the short
perind oscilletion nearly zero or even Pege+lu e,
thus making the aircraft uncontrollable, It is
considered that the phugoid motion is less
critical then that of the shert pericd oscil-
lation, al though in the case of the Ricochet,
the damping in the phugoid mode is expected

to be low because of its low parasite drag,
However, the period of the phugoid mode is
higher (in comparison to that of the short
period oscillation) and thus allows a longer
time for the' pilot to control the aircrartt.

The analysis of the phugeid motien of the
Ricochet is, therefore, excluded. :

- An analytical method is developed toc study the-

short periocd cscillation characteristics of the
Ricochet when the effects of its flexdibility
together with the unsteady aerocdynamics in the
oscillatory mode are taken into account, The
matter is investigated tc ascertain uwhether
the dampwng related to the motion of the air-
craft in the pltChlﬂg plane is adeqguate or not.
The effect - of flexibility and that of the
unsteady =zercdynamics on the loss of short
perlod damping are considered tc be important
features of the theory developed. An alter-
native analysis for the rigid seroplane using



“derivatives (Z

a conventional method employing stability

' m_, m,) on which the
g (0

properties nf the short period cscillation
depend, is carried out to compare ths results.
The calculations are based on determination

of short period frequency, damping factor and
time to half-amplitude of various oscillatory
modes. In the anzlysis, the forward speed of
the aircraft is assumed constant implying the
non-intrusion of phugoid motion. It is

argued in general terms that only the short
period motion can couple with the elastic
modes of distortion and scarcely any phugoid
motion can result from longitudinal manceuvres
of the Ricochet. The control surfaces are
assumed to be held rigid with their angular

we Mye

settings at zero,

Qutlines of the Proposed Method

The development of the method to deal satis-
factorily with the problem by taking both
flexibility and unsteady aerodynamics into
consideration is primarily dependent on the:
extension of the Theodorsen function C(k)

for non harmonic arbitrary motion of an asro-
foil. In the flutter problem formulated in
Appendix D, sinusoidal mation is assumed to
exist between the transition of stable and un-
stable oscillatory motion, so that above the
flutter speed the motion is divergent and below
the flutter speed the motien is convergent.
The Theodorsen expressicns used for 1ift and
moment in the flutter analysis are valic for

aerofoil oscillation of form _iwt (-eikf

where k- = Wh ~and <= Ut ), The Theodorsen
U b '

" function C(k) used in the flutter analysis

(see Appendix D) is expressed in terms of
Hankel functions which are again combinations.
of Bessel functions of first and second order
and also of first and second kind. Nouw for
non-harmonic oscillation (convergent or other-
wise) of an aerofoil, the expressions for 1lift
and moment can be cbtained if the Theodorsen
function C(k) is properly calculated for
complex values of k., This useful extension of
the Theodorsen function C(k) for motion of
form _nt (uhere A = m+ iw) is found in the



work of Luke and Dengler (Ref. 116). Houwever,
for an application of this extensicn, the ver-
tical displacement (h) and the pitching

rotation () at various points on the wing are

' given appropriate time dependence. The term k

in C(k) is regarded as a complex argument so
that, k =wb - iMb + In the flutter
s ' U u

problem the airspeed (U) and the frequency
parameter (k) are both unknown and the value
of A which is a measure of damping is zero,

thus implying that the motion is simple harmonic.
Now, if an airspeed (U) is chosen (preferably
belouw the flutter speed), the stability det-
erminant involving A and hence, 4 and w (see
equation E.L2.6, Appendix 'E) can be soclved for
the zeros of both real and imaginary part.

The real part m gives the short period damping
and the imaginary part «J gives the short
period frequency of oscillation at that part-
icular speed. Based on this process, the sug-
gested method has been programmed. The details
of the method involving the formulation of the
stability determinant are reported in Appendix
E. The classical method of analysing the short
period oscillation of rigid asroplanes employinag
aerodynamic derivatives is also appended there-
in, ,

Calculation of Results and Discussions

The aircraft is given two rigid and four elastic
degrees of freedom as in the case of flutter
analysis described in Chapters 4 and 5% The

" investigation is carried out for a forward

speed of the aircraft less than or equal to
its flutter speed thus ensuring a convergent
oscillation in the short period mode. The

" flutter speed of the Ricochet limited the

range of speeds of the investigation between
20-38 m/sec of which the louer values tend to
be unrealistic., The damping, frequency, period
and time to half amplitude of the short period
mode of the elastic Ricochet forunbsllasted wings
are given in Table 13. The corresponding res-
ults for the rigid aircraft when stability der-
ivatives are used are provided in Table 14,
Similar analysis was carried out for the bal-
lasted wings case and the results so obtained
for the elastic and rigid Ricochet are respect-

ively contained in Tables 15 and 16. UWith

*¥The effect of structural damping is.neglected
in the analysis.
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data taken from Tables 13-16, the short period
mcdes of the rigid and elastic Ricochet for

both unballasted and ballasted wings related

to a forward spesd of 30 m/sec are illustrated.
in Fig5.72 to serve as a typical example. The
solid lines as indicated in Fig.72 describe

the rate of pitch for the elastic aircraft.
whereas the dotted curves correspond to thne

case of the rigid aircraft when the conventional
method employing stability derivatives is used.
The significant difference in the results be-
tween the two cases shown in Fig. 72 explains
the effect of flexibility. A comparative

study of the rigid and eslastic. Ricochet may
first be made for the unballasted case from

the results praovided in Tables 13 and 1l4. 1In
the lower range of speeds (20-30 m/sec) the
short period damping Ay (unit:sec~1) for the
elastic case is comparable with those for the
rigid case. The cother interesting point is

that the short period damping for the elastic
aeroplane is constant in that range. As the
speed of the aircraft is increased the camping SR
in the resulting motion of the elastic aircraft i
case reduces and finally becomes zero at the
flutter speed {see Table 13). The same he~-:
haviour of redw tion in damping with incresase
-in speed is not observed in the case of the
rigid aircraft (see Table 14). On the other
hand, the results are of the opposite nature.-
This is because the unit of aerodynamic time

@~ is dependent on the forward speed of the

‘aircraft Vg and is inversely proportional to
it when expressed with other constant parameters
( £ = _m ) . Therefore, an increase in

. P,S VG .
forward speed results in reduction in the value

af @ which in turn increases the short period

_ frequency and damping in the real time domain .
(see equations E.2.8., E.2.9 and E.2.25, Appendix £)
Further details to this effect can be found in
Ref.38. The short period freguencies shoun
in Tables 13-14 for the rigid and elastic
aircraft indicate that they increase with in-
crease in speed for both cases. The values
are, however, higher in the elastic aircraft
case. The peried (T) and the time to half
amplitude (tz) are accordingly smaller. The
results shown in Tables 15-16 for the ballasted
Ricochet depict similar trends as in the un-
ballasted case. _ ‘
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Results of the elastic aeroplane for both un-
ballasted and ballasted cases given in Tables
13 and 15 respectively sheouw that the ballast
leads to louer damping but higher frequency

in the short period mode. An inspection of
Tables i4 and 16 indicates similar cbservations
from calculated results for the rigid aircraft.

An effective way of showing the variation of
roots of the short period oscillation as one
parameter (speed in this case) variss, is to
use a root~locus plot, in which +the real and
imaginary parts of the roots are plotted in

an Argand diagram. The results displayed in
Tables 13-16 are respectively transferred to
the root-locus diagrams in Figs. 73-76. The
elastic Ricochet results for unbazllasted and
ballasted wings are shown in Figs. 73 and 75
respectively. The plots indicate that the
frequency of the short period oscillation in
the speed range 20-30 m/sec increases with
speed, the damping being practically unchanged.
Above the speed value of 38 m/sec and upto the
flutter speed the reduction in damping and
increase in frequency may be observed in Figs.
73 and 75. The plots for the cases of the
rigid aircraft with unballasted and ballasted
wings are respectively shown in Figs. 74 and
76 Since the stability derivative approach
has been used to obtain the plots, an increase .
in speed is accompanied by a rise in beth

short period frequency and damping for rsasons
already explained. 0One of fthe advantagss of
the root-locus plot is that the number of
cycles to half the amplitude is easily obtained
from the plet (The number of cycles to haif
amplitude

= ta = loge2 = ),
T 231 -

Remarks and Conclusions

In the short period oscillation characteristics
of the Ricochet, there have been significant
differences between the results of the rigid
and flexible aeroplane. In the analysis of
flexible aeroplane, unsteady asrcdynamic effects
have been taken intec account. It would be
difficult to make any decisive comments on
whether the flexibility or the unsteady



aerodynamics played a greater role for the wide
differences in the results between the rigid
and flexible aircraft. The modified derivative
approach (also designated as the quasistatic
method which is referred to later on as an
area for future work), may provide the ansuer.
It is expected that the results from such an
approach would lie betuween the results of the
two extreme cases investigated. The distortion
effects should not be neglected in any case in
dealing with an aeroplane of the Ricochet type
while evaluating its short period character-
istics., The analysis for speeds greater than
38 m/sec -has not been carried out because af
the exceedingly lou value of the flutter speed
taking cognizance of the fact that the aircraft
behaviour with inaccurate initial data may lead
to quite unreliable results. Because of the
non-inclusion of flexibility effects, the
classical approach of the analysis for stablllty
characteristics using aerodynamic derivatives
can be misleading even from the point of
uncritical interpretation. Again, since. the.
“results obtained are confined to a very low
range of speeds, the aircraft's ride quality
at higher speed cannot be predicted. Houever,
the short period damping and frequency obtained
for the low range of.speeds lie within the
bounds of the requirements of service aerc-
planes (Refs. 95 and 135). It must be pointed
out that the flutter speed of a conventional .
aircraft is much higher than the speed of in-
vestigation of its stability characteristics.
In this regard, the norm has not been followed~-
to the letter because of the unexpectedly lou
flutter speed of the Ricochet. Although it has

not been attempted in this thesis, the method
outlined in section 6.1 could have been applled
for the two rigid body modes only by simply
.suppressing the elastic modes of vibration and
the results so obtained would be interesting to
examine.
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7.1

CHARTER 7

RESPONSE OF THE RICUCHET 10 CONTINUDUS RANDDN

ATMOSPHERIC TURBULENCE

The purpose of this chapter is to present a
detailed analysis of the acceleration response¥
at various wing stations of the Ricochet due to
random atmospheric turbulence allowing for the
dynamic flexibility of the aircraft. Pouer
Spectral Density (PSD) method is applied to
obtain frequency decompositions of the accel-
eration response through the use of transfer
function representation of the aircraft. The
aerodynamic forces which arise due to the motion
and external excitation are both evaluated
using unsteady aerodynamlc theories. The at-
mospheric turbulence is represented by the well
known Dryden and Von Karman spectra. -The full
details of the method used are described in
Appendix F. The analysis is again concerned
with longitudinal motion only and therefore

the disturbed motion is symmetrical with re-
spect to the longitudinal plane of symmetry.
While passing through the turbulence, the air-
craft is assumed to maintain a constant for-
ward speed (U). The response parameters
evaluated as unknown quantities are explained
in the following sections.

The Gust Response Function

In the PSD method the root mean square (r.m.s.)
value of the output response is determined
from the knouledge of the input PSD. The out-

- put response in the present analysis is the

acceleration (normal and angular) at various
spanwise stations whereas the input is des-
cribed by the Dryden and Von Karman spectrum.
The PSD distributions of these two input
spectra for various scale lengths (L) are
shown in Figs. 77-78 for the case when the
r.m.s. gust velocity e (also indicated as

J3) is unity. Now if G is the r.m.s.

*¥The normal and angular (or pitching) accel-
erations are considered to be the meaningful
quantities to calculate. Only the vertical com-
penent of the turbulence is considered in the

‘analysis although the horizontal component in

some cases may have significant effects as well.
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value of the output acceleration correspond-
ing toc the input gust velocity of r.m.s.

value @, (or ARE the ratio of the output

to input r.m.s. values, i o= Ts  is defined

g

: i
as the gust response function. The gust re-
sponse function is calculated by the use of the
transfer function of the aircraft (see Appendix
F) and is dependent only on the normalised
spectrum of the turbulence and not on its

r.m.s. itensity. To find the actual acceleration

at a point on the aircraft, the gust response
function s has to be multiplied by the

r.m.s. value of the gust velocity embedded in
the turbulence. Figs. 77-78 shouwing tihe ncrm-
alised Dryden and Von Karman spectra can be
appropriately scaled for any particular value
of the r.m.s. gust velocity e (or 7).

Although the transfer function is a property of
the aircraft, because of the dependency-of
normalised PSD on the scale length of the tur-
bulence, the gust response function (E)iis

expected to vary along with the scale length.

Response Due to Various Grades of Turbulence

In the previous section, it has already. been
explained that the r.m.3s. value of the-actual
response (normal and angular acceleration)

can be obtained from the gust response function
by multiplying it with the r.m.s. gust velocity
(also knouwn as gust intensity) of the turbul-
ence, The gust response function varies with
scale length (L) which in turn varies almost
linearly with the hsight at which the turbul-
ence occurs. In a recent report Bannett

(Ref. 95) has revised the design reguirements
that are given in Av.P 970 (Ref.135) for
critical gust cases applicable tc service aero-
planes. He has defined a scalar reference

intensity F for the atmospheric disturbance

which has the dimensions of an r.m.s. turbul-
ence velocity and is in some cases identical
with r.m.s. values of actual turbulencs
velocity components. Gnce the gust response
function i is evaluated, the reference

intensity for the turbulence F is to be



decided to use it as a scaling factor to obtain
the actual or absolute response. The quali-
tative description of the turbulence intensity
as light, moderate, severe and extreme depend-
ing upon the value of the reference intensity
F has earlier been proposed by Bennett (Ref.

95) and is reproduced in Table 17 from his work.
For a given reference intensity  , the follou-

ing relations between the scale length L and the
r.m.s. gust velocity i  hold (see page 58, Ref.

G
95).
e L T }
(L)s (750)% o eendfe2)
_ for height £ 750 m
and
[ = a eeeo(7.2.2)

for height above 750 m

where the scale length L is in metre.

In the present analysis equation (7.2.1) is

used because the aircraft is assumed to fly

at a height below or equal to 750 m. Now, the

value of "] in the input spectra of turbulence

G .

shoun in Figs. 77-78 is decided by the equation

(7.2.1) for a specific length (L), only when the
reference intensity (E‘) of the turbulence is

set to a fixed quantity. Houwever, this ultimately
leads to the fact that a corresponding change
in scale length (L) is so compensated by the
effective change in the r.m.s. gust velocity
(~U ) such that for a fixed reference intensity
G
T of the turbulence (see Table 17) the response
 becomes independent of the scale lenath (see
Ref.95). In the calculation of the .
r.m.s. values of the normal and angular accel-
erations at various spanuise stations of the



Ricochet, the first three values of the refer-
ence intensity cited in Table 17 are used. -

Drubabll1ty DLStr]bbtan ﬁf fho Ouopuz

Acceleration

‘When the r.m.s. value of the acceleration

response is known from the procedure explained
in sections 7.1 and 7.2, the probability
density function of the acceleration can be
found out using a normal (Gaussian) distrib-
ution. - Therefore, if the distribution of

- aeroplane acceleration increments in the

turbulent air is considered toc be normal with
a zero mean, then the probability density dis-
tribution of the acceleration increments An,
is completely described by the standard devi-
ation g (the r.m.s. value in this case} of
the acceleration as

T 27

| 2
-1 7A
f (A n) = 1 e 2 (_E:Q} |

_0000(70361«)-

" The above distribution can be normalised with

a zero mean and a standard deviation equal to
unity so that an advantage from the tabulated
error functions can be taken of in determin~
ing the probability of exceeding a certain
value of acceleration.

It is a reasonable assdmption that the response
follows a normal (Gaussian) distribution and in

~such a case the probability that the variable.

x (or An) will exceed k tlmuS its root mean
square value / 2 [, Y for large k is

X X
(see Ref.82)

(e

Iﬁ

2

’-oo'('?.a Bo 2)



Tel

- 53 -

Some general and broad limits of the probab-

'ility of exceeding a certain value can be

fixed, at least approximately even without
knowing the prebability distribution of the
response by using the well knowun Chebycheff's
ineguality

; -]% S5 k\[;fz

A
=

N

00'0(7.3.3)

i.e. the probability that x differs from its
mean value by k times its root mean square
value };' 2 is less than or egual to 1 _ .

k2

However, in the calculation of results in this
thesis, the approximate equation (7.3.3) is
not used and the probability of exceeding a
certain limit is evaluated from the distrib-
ution of the probability density function.

f.xceedances

it is important in many cases to find the number
of exceedances with positive slope of a certain
level of the acceleration per unit time. IT G’

is the r.m.s. value of the output acceleration

and@_ () is its PSD distribution then the

number of zero crossings per second with posi-
tive slope (called the characteristic frequency)
N%¥ is given by (see Ref. 1il)

r o< ”]
No= 1 W b, (w) da
2N T J
- oc

where,

S

cooo (7ot i1)

[ J@?O &Q)QGi] -7 G (ra2)

*¥The paramster Ny dencting the number cof times
per second the response time history crosses the

zero mean value with a positive slope is sometimes

called the radius of gyratlon of the spectrum
about the vertical axis.
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An inspection of equations (7.4.1) and (7.4.2)

-indicates that the number cf zero cressings

does not depend on the r.m.s. value of the
gust velocity (ETV orGﬁ) of the input turbul-
G * '

ence but depends on its normalised PSD dis-
tribution- (see Figs. 77-78)uhich relates the
structural paxometer and the gust response

-function through the transfer function of the

aircraft. The number of exceedancses per second
and with positive slope /dx > ) of the level

X for a single normal process (ulth Zero mean)

is (see Ref.111)

N

—2 A
_ 2 A Q. . .
Noo= N e R | T eeee(7:4.3)
- X
| 2 0,2
=N_ e

o oooo(7e4e4)

vhere Ngs the number of zero crossing per second

with positive slope is given by equation (7.4.1).

The Distribution of Maxima from the Statistical

Analysis .

Carturight and Longuet-Higgins (Ref.112) studied

the statistical distribution of the maximum

values of a random function by considering it

to be the sum of an infinite number of sine waves
in randocm phase. They applied their results to
sea uwaves and to the pitching and rolling

motion of a ship. The ratio ef the maximum

value to the r.m.s. value of the response can

be expressed as (see equation 6.1 of Ref. 112)

I F Y A
G“' ZlﬂND

eeos(7.5.1)



where \ .
71 max = the expected maximum
response
<N = the r.m.s. value of the
response
N, = the no. of zero crossings

per sec with positive
slope given by equation
(7.4.1)

Fuler constant = 0.5772....

and 4

Equation (7.5.1) is accurate to within 3% only
and applies only to narrow band processes. A
more accurate expression for the ratio for
random processes which are not narrow banded
can be written as (see Ref.112 again)

N pax =\/].nﬁ:;'2No . A
¢ z\jln Jﬁi:g? No

eee(7.5.2)

vhere € is the spectral width parameter given by

52 = mg mt - m22 |
m, m, real(745.3)
where
m= (w” P, W) dw e (7.5.4)

Although the response PSD obtained in the
pressent analysis is not narrow banded, the
approximate formula given by equatioen (7.5.1)
is used to determine the maximum response to
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economize the computer time needed for eval-
uating the spectral width Darameter (¢) expres-
sed by equation (7.5.3) :

Scope of the Calcuiations

As in the case of previous analyses, the air-
craft is given two rigid and four elastic
degrees of freedom in the symmetric motion.
Strip theory has again been justified while
calculating the two different types of oscil-
latory unsteady aerodynamic forces which act
on the aircraft due to its motion and the
external excitation respectively (see Appendix
F). The response guantities calculated are the
normal and angular accelerations¥at various
points on the structure with a particular
emphasis on the former. Although both Dryden
and Von Karman spectra are used to obtain the

"preliminary results, the detailed analysis is

confined to the latter representation of the
atmospheric turbulence because of its universal
acceptance and close agreement with experimental
data. The scale lengths of the atmosphere
turbulence represented by the two spectra are
respectively chosen.as 75m, 150m and 300m at

an aircraft speed of 30m/sec (see Figs.77- 78)
to. evaluate the gust response function i in

each case. While determining the actual value
of the absolute response the reference inten-
sities are decided for the first three grades
of the turbulence cited in Table 17 and thus
omitting the fourth case designated as 'extreme'
turbulence. The reasons are two fold. Firstly,
the determination of the transfer function of

a flexible aircraft from a sinusoidal gust

input is based on the assumption W;<{<U (see
Appendix F and Ref.49) where UG is the maximum
velocity of the sinusoidal gust and U is the
foruard speed of the aircraft (U = 30 m/seo in
the present analy81s) the assumption is likely
to be violated in the 'extreme' turbulence

case given in Table 17, The second reason is
that sailplanes are not normally flown in
extreme weather conditions.

The r.m.s. value of the normal acceleration
at the pilot C.G. is evaluated from the normal
and angular accelerations of the wing root

*The symmetric motion being considered everywhere
the term angular acceleration is synonymous with
pitching acceleration. The effect of structural.
damping is not considered in the analysis.



bearing in mind that the pileot-Tuselage mass

is a compact lumped mass rigidly connected to
the wing root. Although remarks about the

ride quality of the aircraft have been made
from the calculated results, no attempt has
been made to determine the stress distributions
in the airframe from the calculated response to
check whether the design satisfies the strength
requirements or not, , -

In determining the mean square value of the
response, numerical integratien is carried out
to evaluate the integrals of the PSD curves
whose frequency limits should ideally be from
zero to infinity. In the preliminary set of
calculations, the upper limit of the freqguency
is truncated at a suitable point where the
convergence critericn is adequately satisfied.
However, to account for the tail end of thne
PSD curves which extend uptoc infinity, a log-
log plot (of the PSD versus frequency) is made
which eventually became a straight line in the
high fregquency range and thus indicated an
exponential decay of the response P3SD curves.
The rate of the decay is determined from the
slope of the log-log plot and this enabled the
computation of the rest of the integration upto
infinity. However, in the present calculation,
a finite upper limit of integration of about
() = 150 rad/sec gave sufficiently accurate
results. : ‘

The maximum normal acceleration at the pilct

C.G. is calculated from its r.m.s. value using

a statistical distribution. The method assumes
the random process to be narrouw banded which

is not quite true in the present analysis.
Therefore, the maximum response so cbtained
cannot be fully trusted and the results con-
cerning only the r.m.s. values can be judged

with 21l re-=liability. The other limitations .
on the use of PSD approach and transfer function
representation of flexible aircraft.ars explained
in Appendix F. ‘

fppraisal and Discussign of Calculated Resuits

The Dryden and Von Karman spectra to which
the Ricochet with a foruard speed of 30 m/sec
is subjected to are respectively shouwn in
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Figs. 77 and 78 for various scale lsngths of
the turbulence. The difference between the
tuo spectra in the freguency range betuween 5
to 20 rad/sec has been shown in Fig.7$ for
" a typical scale length of 75 m. It is clear
from Fig. 79 that the Dryden spectrum having
less energy content than the Von Karman will
underestimate the response PSD particularly at
higher freguencies. In addition to this fact,
the Von Karman spectrum being based on stat-
istical data is manipulated with more rigour
at various stages of the calculations. The
transfer functions* which relate the input
PSD to the output PSD of the normal acceler-
ations for the three spanuise station of the
unballasted Ricochet are shown in Fig.80. It
is observed in Fig.B80 that the first peak
of the transfer function corresponds to the
short period frequency whereas the two sub-
sequent peaks correspond to the first and
second structural modes of the free vibrational
characteristics., Guite clearly the flexibility
which has been taken into account -has -
important effects particularly near the tip
region(see Fig.B80) unlike the case normally
found with the rigid aircraft uhere the peak
in the transfer function corresponds to the
short period frequency alons. The present
analysis did not show any more significant
contribution of structural mcdes to the trans-
fer function apart from the first two.+t

The PSD distributions of the normal acceler-
ation per unit r.m.s. gust input (i.e. Pgl2) )

o e
at three spanwise statiens namely tip, midspan
and the root of the wing are respectively shoun
in Figs. 81-83, Figs 84-86 and Figs. 87-89
for various scale lengths of both Dryden and
Von Karman spectra. Since the plotted guant-
ities are the PSDs of normal acceleration
divided by the mean square gust intensity

‘sz , the area under each curve shown in

¥ The terms transfer function, frequency re-
sponse function, mechanical admittance and
"admittance function are qguite often usad
synonymously, the reciprocal of each is the
mechanical impedance. ' ‘ o

+This is in contrsst to the fl
only the first.elastic mode u

o cC

tter mode whare
ignificant’
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Figs. B81-89 gives the gust responsa function
(described in section 7.1) in the respective
case., As is evident from the input spectra
shown in Figs. 77-79, the results in Figs.
81-89 indicate that the response due to the
Von Karman spectrum is higher than that in
the case with the Dryden. For a specific
point on the wing the variation of gust
length (s.g. see Figs. B81-83 for the wing
tip) has an effect that the increase in gust
length results in the decrease in the gust

response function R - Jg as the area
. e

under the output PSD curves per unit r.m.s.
gust velocity reduces with the increase in
scale lengths, It is alsc important to note
that the effects of the structural modes are
important for the calculated response PSD at
the tip (see Figs. 81-83) and midspan (see
Figs. 84-86) of the wing. Houwever, at the
root the contribution from the structural modes
is practically nil (see Figs. 87-89) and all
that matters is the short period mode.
Analysis is carried out in a similar way on
the ballasted Ricochet and the transfer func-
tions cobtained for the three spanuise stations
(tip, midspan and the root) are shown in Fig.
80, The PSD's of the normzsl accelerations

per unit r.m.s. gust input for a particular
scale length of 75m for both the Drydsn and
Von Karman spectra are shown in Figs. 91-93
for the respective three points on the ballas-
ted wing. Here again the effect of flexibility
is not significant at the root (see Fig. 23)
whereas it is important at the midspan and tip
of the wing (see Figs. 91 and 92).

The gust response functions of the normal and
‘angular accelerations at various spanuwise
stations aof the unballasted Ricochet are
respectively given in Tables 18 and 19 for
different scales of turbulence. Similar
results for the ballasted case are provided in
Tables 20 and 21. The results guoted in
Tables 18-21 have to be multiplied by the re-
spective r.m.s. gust intensity (UG) to obtain
the actual r.m.s. accelerations. It is cobserved
from the results in Tables 18 andg 20 that for
both unballasted and hallasted cases, the gust
response functicn of the normal acceleration
gradually reduces from the tip towards the



root for any particular scale length of the
turbulence. This is a phenomenon expected

with an aircraft having considerable flexibility.
However, the results in Tables 19 -and 21 showing
the gust response functions of angular accsl-
eraticns for the unballasted and ballasted cases
respectively shou a different situation., The
gust response function of the angular accel-
eration for a particular scale of turbulence

is found to increase slightly from the tip
towards the root. A further observation of
results in Tables 18-21 indicates that the

gust response function of the normal &accel-
eration for a particular scale length assumes

a higher value in the unballasted cass whereas
the angular =acceleration response function is
smaller.

The gust response functions listed in Tables
18-21 will enable calculaticons of r.m.s. values
of the actual response (normal or angular
acceleration) from a known reference gust
intensity (g ). The value of the r.m.s.

gust velocity ('U ) embedded in the turbul-
G

ence (see Figs. 77-78) is related te the ref-
erence gust intensity ( a;) by equation (7.2.1).

However, it has already been explained that both
the gust response function ( T ) and the r.m.s.

gust velocity ( i ) vary with the scale length
G

of the turbulence in such a way that for a fixed
reference intensity @G +their product which gives

the r.m.s. value of the absolute response re-
mains the same for all scale lengths. This
implies that for. a fixed reference intensity

the r.m.s. value of the response is independent
of the scale length of the turbulence. frem
the categorized grades of turbulence in Table
17, the light, moderate and severe turbulence
cases are investigated in this thesis. The
three aformentiocned cases have reference in-
tensities of 0.9, 1.8 and 3.7 m/sec respectiv-
ely and the selection of their values is
primarily based upon the statistical distrib-
utions presented in Fig. 94 (Ref.97) which
gives the probability of egualling or exceeding
a given reference intensity. The gust response



functions only correspending to the Von Karman
spectrum as input are now considered in
evaluating the response due to various grades
of turbulence., Tables 22 and 23 for the re-
spective unballasted and ballasted case show
the r.m.s. normal accelerations at three span-
wise etations due to the Von Karman spectrum
under various grades of turbulence. The
corresponding values of the r.m.s. angular
accelerations are contained in Tables 24 and 25.
A comparison of results given in Tables 22 and
23 indicatesthat for a particular grade of
turbulerce, the r.m.s. normal acceleration at
“a point is higher in the unballasted case
whereas the results shown in Tables 24 and 25
suggest that the corresponding r.m.s. angular
acceleration is slightly louwer in that case.
Table 26 provides the r.m.s. normal acceler-
ations at the pilot C.G. for both unballasted
and ballasted cases under various grades of
turbulence. The results presented in Table 26
are well within the acceptable limit. The
order of magnitude of the r.m.s. normal accel-
eration being less than 0.5g is in agreement
with pilots' normal experience on meeting
turbulence. The unballasted case gives a higner
r.m.s., normal acceleration at the pilot C.G.
as shownin Table 26, The maximum normal accel-
eration at the pilot C.G. of the unballasted
Ricochet due to the three selected grades of
turbulence is stipulated in Table 27, These
results are obtained using equation {(7.5.1)
which is a simplified expression applicable
only to a narrow banded random process. I%

is therefore subject to an unfair relevancy
when it is already known that the PSD dis-
tributions of the ocutput response of the
Ricochet are not narrow banded. Although

the amount of inaccuracies cannot be pin-
pointed, the results in Table 27 do not shou
any uncharacteristic feature and are all well
within the tolerable limit. ’

The probability of exceeding a particular

normal acceleration by'various pocints on the
unballasted wing of the Ricochet under various
grades of turbulence is evaluated following the
method described in section 7.3, Table Z8

shows the probability of exceeding normal
acceleration values of 1, 2 and 3 m/sec? by the
tip, midspan and root of the unballasted wing
under different grades of turbulence. As
expected the probability of exceedance increases



with the severity of the turbulence and also
when the point ccnsidered is further away from
the root. The results in Tabie 28 may also
nrovide information related to the calculation
of limiting values of the estimated stress
levels. The probabilityof egqualling or exceed-
ing a particular value has been determined

from the probability density function with the
use of equation (7.3.1). Typical distributions
of the probability density function of normal
accelerations of the wing tip under light and
moderate turbulence are shown in Fig. 95.

Based on the procedure described in section
7.4, the numbers of occasions of crossing zero
or any particular normal acceleration per unit
time with positive slope (i.e. the no. of
crossings in one direction) by various points

of the unballasted Ricochet are calculated under

various grades of turbulence. It is worth
noting that the no. of zero crossings is indepen-
dent of the reference intensity of the turbul-
ence whereas the number of crossings of a

"particular value is directly related to it. -

Table 29 gives the number of times in a second
the normal accelerations of the three points
on the wing will cross the zero level with
positive slope. The numbers of occasions of
croscing normal acceleration values of 1, 2
and 3 m/sec? per second with positive slcpe
(i.e. in one direction) by the three points -
on the wing are provided in Table 30, o

Remarks about the Calculated Resultsr

0

The Ricochet did ncoct show any uncharacteri
behaviour from the ride gquality point of v
The normal accelerations at the pilot C.G.
found to be what is generally expected. Ho
ever, the speed investigated being low at
30 m/sec, the response characteristics at
higher speeds cannot be easily predicted. The
r.m.s. normal and angular accelerations obtained
will prove useful to calculate design loads in
dynamic conditions. The flexibility played

a significant rocle, particularly near the tip
region and it may well be necessary to check
vhether the dynamic distribution of stresses

can cause any overloading in the structure at
higher speeds., This demcnstrates the need to
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account for the aircraft response and in
particular the affects of aircraft pitching
and wing bending in ths loading calculations.



- 64 -

CHAPTER 8

RESPONSE OF. THE RICOCHET TO DISCRETE GUSTS

Although the PSD method used in Chapter 7 has
wide applications, some of the response prob-

lems are more adequately treated by the discrete
gust approach (see Refs. 89 and 94). An analysis

of the acceleration response of the flexible
Ricochet due to discrete gusts* is carried out
here in detail. The method used is based on
Refs. 94 and 96 with a particular application
to flexible aircraft. It is assumed that the
aircraft encounters a discrete gust of a
specific profile - "One-minus-cosine" (smocth
ramp gust) whose velocity distribution Vg(x)
is shown in Fig. 96 where H is the gradient

distance (sometimes called the gust length)

and Vg, is its maximum velocity (intensity Off¥

the gust) The distribution of the gust ve1001ty
is given by (see Fig.96) _

0. X o
1 ' X
Vg(x) = > \!gm( 1 - cos ]L‘);ogxéH
Vg, ; x)%i
and COQ(BO']—)
Vg, = H® Ug Hg L
1
000(802)

where L is the scale length in equations (8.2)

*¥0nly the vertical component of the gust is
considered in the analysis., The horizontal
component in some cases may be important
because sailplanes have comparatively lou
forward speeds. Structural damping is not
considered in the analysis.



Ug* in equations (8.2) which decides the maximum
velocity of the gust is considzred to be an
overall 'gust strength parameter! which specifies
a particular family of equi-probable design

gusts (see Ref. 94 and Fig.99). Bennett in his
recent report {Ref.95) on revised flying re-
quirements of service aeroplanes has expressead

Uy in  terms of reference intensity (=) of

_ a
the gust as (in SI units)
W i
. BVEIRE: HZL
U, = 1.45 3(735 )cr , €
...(8.3)

' > At

af ¢

L L
/ .
1.45°3 (\735}

The first of equatione (8.3) is applicable for
the present analysis because the gradient dis-
tance (H) appropriately chccen for calculation
is much smaller than the scale lenath (L).

The factor 2 in equations (8.3) is a discrete
gust scaling factor which is still a subject

- of considerable research.  Strictly speaking

J is a function of altitude and also of the
tvype of turbulence, Until further information
is available, the recommended value of 3 = 4
{see Ref. 955 is used in the analysis. There-
fore, equations (8.1), (8.2) and (8.3) together
with Fig. 95 completely define the prsfile of
the discrete gust (single smcoth ramp) to which
the flexible aircraft is subjected., The air-
craft behaviour is assumed to be linear and
calculations haves been made for UD = 1. The

results for other values of UO given by

equations {8.3) are treated by linear scaling.
A pair of ramp gusts which is a2 combination of
two single smooth ramp gusts of opposite sign
is shown in Fig. 97. In the calculation pro-
cedure, the length of the gust {or the gradient
distance) H is varied to give the most critical

*U_ has the dimensions of [ve1]
———=7
[Lengtﬁ]s
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aircraft response either to a single smooth
ramp gust or to a combinstion of twc. The
forward speed of the aircraft is set to a
constant value. The program developed by
Purceil (Ref.96) based on the theory presen-
ted by Jones (Ref.94) has been fitted te the
main program. The response quantities of
interest are the normal and angular acceler-
ations of the wing root of the Ricochet. The
full details of the method and a significant

‘portion from Refs. 94 and 96 are presented

in the Appendix G.

Response to a Single Smooth Ramp Gust

Mitchell (Ref. 86) has introduced a Fourier
transform method to find the response of a
flexible aircraft to a unit step and thus
avoided the direct evaluation of the Kussner
functions. 1f the transfer function (or the
frequency response) of an aeroplane is known
Bromwich's integral formula (Refs. 49 and 132)
provides an explicit formula for calculatin
the response to a unit step (see Appendix G).
The response to a unit step is known as the

indicial admittance of the aeroplane. Once

the response to a unit step is known, the
response to a gust of any arbitrary profile
which can be approximated as n-step gusts can
be found out through the linearity assumption
of simple addition. However, for a smooth
ramp gust (one-minus-cosine) shown in Fig. 96,
the direct evaluaticn of the Duhamel's integral
is possible and the gquestion of approximating
the gust profile by a finite number of stecs
does not arise (see Appendix G and Ref.96).
Firstly from the response of the flexibls
aeroplane to a unit step gust velocity, the
response to a single smooth ramp gust 1is
found for a series of trial values of the
gust length (gradient distance) H. Then from
the maximum response 7 (H) due to a single
smooth ramp gust for each of the trial set of
gradient distances (H), a safeguarded quad-
ratic scheme outlined by Purcell {(Ref. 96)

is used to find the particular gradient
distance A which causes the maximum positive

or negative response ( Wﬂ(ﬁ) or 71(5)).
Fig. 98 gives an idea houw the tuned gust
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length H is found out when the gust strength
parameter U_ is considered to be unity.

Fquation (G.2.1.7) in Appendix G gives the
measure of sharpness of the peak in V(H) at

“the point'ﬁ and is defined as gust length

sensitivity by Jones (Ref.%4). Sc the calcul-
~ation procedure involves the evaluation of the
extreme positive and negative response WQ(H)

and 7Y_(H) respectively and the corresponding

time T and T when they occur from a supplied
+ - .

set of trial values of gradient distanbes He

Responsé tc a Pair of Smooth Ramp Gusts

The possible resonance effect asscciated with
a pair of smocth ramp gusts cf opposite sign
(see2 Fig.97) is also assessed. The distance
HS in Fig. 97 is the distance of separation of

the two gusts. The most adverse pair of smcoth
ramp gusts is deduced as follous.

After having calculated the particular gradient
distances a and ) for which the maximum
+ - .
positive and negative response respectively ;? .
(s . +
and 17 occur and the corresponding time I e
- A +
and T of their occurrence, the primary pezak

with the larger of ,? and _§ is identified,
i + _

the smaller becoming the worst overswing (see
Ref.96 and Appendix G for details). Then the
~maximum poesible response is ;? + I§ ‘

+ -

£, F T

- - . 3 ¢ +- . — —_
If it is assumed for clarity that £ >, £,

occurring at T or < whichever is later.

then as explained in Appendix G (and also in
Ref. 96) the worst gust pair is a ramp gust of
length H_ followed by one of opposite sign of

length ﬁ+ ( He o= el and Ho = M, in
Fig. 97) and separated by a distance H, (see

Fig. $7) given by
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—-—— e \ e
o . - s - :
Hg = v (T - T, Ao L (e.2.1)
where Y is the forward speed of the aircraft.

Brief OQutlines of the Computer Proqrém

Although the development of the computer program
to find the response to a discrete gust has been

‘discussed to some length in section L.3.2 of

Appendix L, it is necessary to mention here the
salient features of the program based on that
of Purcell (Ref. 96). The program developed

by Ref. 96 derives the response to various
types of ramp gusts when the response to a

unit step is already known. The main input
data needed for the program are the response

to a unit step in the time domain, the forward
speed of the aircraft and the trial gust lengths
within the range of which the maximum response
is expected to occur. Purcell's program is
connected to the main program which evaluates
the indicial admittance ofthe aircraft (i.e.
the.response to a unit step gust) from its
transfer function using a fourier transform.

In the computation of results, the gust strength

parameter Uy (see equations 8.2 and Figs. 98-99)
is considered to be unity so that the magnituds
of the largest response peak Ug 37(g) asscc-
iated with the tuned gust length g becomes y(g),
the tuned response (see Fig. 98). The normal
and angular accelerations at the wing root of
both unballasted and ballasted Ricochet due to

a single and pair of smooth ramp gusts are
investigated and the worst cases of the extreme
response are spotted.

Numerical Calculation of Results

The transfer functions of the flexible Ricochet
(see Figs. 80 and 90) which have earlier been
calculated in Chapter 7 to investigate the
response to centinuous atmospheric turbulence
are again used tnrough eguations (G.1.3) -
(6.1.13) of Appendix G in evaluating the re-
sponse due to a unit step gust velccity. The
calculations of response gquantities are confined



to the normal and sngular acceler
wing root of the Ricochst at its vard speed
of 30 m/sec. The normal accelerations of the
wing root for bhoth unballasted and ballasted
Ricochet due to a unit step gust veleccity in-
put are respectively shown in Figs. 100 and 106.
The corresponding angular accelerations are
shown in Figs. 103 and 109, The results dis-
played in Figs. 100, 106, 103 and 109 are
employed to investigate the response to a single
and pair of smocth ramp gusts whose profiles

ave sarlier been dsfined in Figs. 96 and 97
recpectively., First of all, the two independent
isoclated single smooth ramp gusts are determined
which give rise to the two extreme responses
namely, the maximum positive and the maximum
negative response at the wing root of the
Ricochet. These two isolated gusts are evaluated
for a unit gust strength parameter and are
identified by their respective gust lengths.
Finally they are added with the appropriate
distance of separation and one acting in ths
opposite direction of the other to form the

most adverse pair (see Fig. 97) causing the
worst response.

ations of the
for
ti

To find the particular single smooth ramp gusts
which give rise to the maximum positive and
maximum negative normal accelerations at the
wing root of the unballasted Ricochet, trial
gust lengths of value 5, 10, 20 and 30 metres
are chesen as shown in Tables 31 and 32
respectively to determine ‘the most adverse case.
The interpolated gust lsngths corresponding

to the maximum pesitive normal acceleration
with the adeguate convergence critericn (0.00lm
in the prssent analysis) satisfied are shoun
in Table 31. The calculations settle doun to
the required tuned gust length M which causes

the maximum positive normal acceleration at the
wing root of the unballasted Ricochet (see bottom
half of Table 31). 1In this particular case, .
the tuned gust length T oas shoun in Table 31

is 9.33m. The corresponding maximum noarmal
acceleration ( 9,) and the time of its gccur-
rence ( t*) are respectively 5.47 m/sec? and
0.285 sec as reported. The sensitivity factor
indicating the sharpness of the peak of 7V (H)
versus H curve at the tuned gust length i is

found to be 0.326., The time variation of the
normal acceleration of the wing root for this



particular case is illustrated in Fig. 101.

- Similar investigations are made to obtain the
maximum negative normal acceleration at the
wing root of the unballasted Ricochet by in-
putting the trial gust lengths of 5, 10, 20
and 30m into Purcell's program. ihe results
obtained are stipulated in Table 32. The time
plot of the normal acceleration due to the
tuned gust which causes maximum negative
acceleration at the wing root is shouwn in

Fig. 102. 1In a very similar way the ballasted
wing cases for maximum positive and negative
normal accelerations are investigated and the
results so obtained are respectively reported
in Tables 33 and 34. The corresponding plots
of the normal accelerations against time for
this ballasted case due to the single smooth
ramp gusts are illustrated in Figs. 107-108.
Anaiysis has also been carried out to find

out the maximum positive and negative angular
accelerations at the wing root of both the
‘unballasted and ballasted Ricochet due to :
isolated single smooth ramp gusts. The computed.
results for the two cases are respectively
stipulated in Tables 35-36 and Tables 37-38.

The illustraticns are accordingly described in
Figs. 104-105 and Figs. 110-111., The most
adverse pair of smooth ramp gusts is then con-
structed by using the two tuned gusts which
cause respectively the maximum positive and
negative responses (see section 8.2). The

worst response cases of the wing root normal
.accelerations of the Ricochet due to single

and pair of smooth ramp gusts for both unbal-
lasted and ballasted cases are contained in
Table 39. The corresponding angular accel-
eration cases are reported in Table 40. The
gust strength parameter (U;) is considered to

be unity in all the calculations reported above.
Now with the use of equations (8.3) and Table

" 17, the gust strength parameter Up for various
grades of turbulence can bs calculated and
finally be used as scaling factor to obtain

the actual response., The maximum normal
acceleraticns at the wing root of the Ricochet
due to single smooth ramp gusts with varied
grade of gust intensity are given in Table 41.
The corresponding results for a pair of smcoth
ramp gusts are reported in Table 42. It has
been found that the particular gust lengths
which cause the maximum normal acceleraticon at
a particular time do not give rise to an
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appreciably large amount of angular acceleration.
The maximum normal accelerations at the pilot
C.G. of the unballasted Ricochet due to a single
and pair of smooth ramp gusts with varied grade
of intensities are given in Table 43. A com-
parison between the results obtained from the

- PS5D approach in Chapter 7 and the discrete

gust method in this Chapter is made in Table 44.

Discussion of Results and Remarks

The wing root of the Ricochet at a forward speed
of 30 m/sec is analysed under varied coenditions
of discrete gusts. The maximum normal acceler-
ations at the wing root due to both single and
pair of smooth ramp gusts have occured in the
unballasted case. A similar observation has
been made while using the PSD method. The
worst response (normal acceleration) dus to a
single smooth ramp gust occurs when the tuned
ust length is 9.33m in the unballasted case
?see Table 31). The pair of smooth ramp gusts
which causes the extreme normal acceleration -
at the wing root of the unballasted Ricochet is
made up of the two single smooth ramp gusts -
one acting opposite to the other. The first
gust in this extreme case has a length of 10.3m
and second 9.3m and their distance of separation
is 1.7m (see Table 39). The corresponding
plots against the time axis suggest that the
response is of practical importance only upto
about two seconds after the start of excitation.
The worst response cases of the angular accel-
erations at the wing root are summarized in
Table 40. Unlike the maximum normal acceleration
case, it is found in Table 40 that the ballasted

‘Ricochet wing root experiences a slightly
" higher angular acceleration. This has also

been observed while following the PSD approach
in Chapter 7. However, the plots in the time
domain shown in Figs. 104-105 and Figs. 110-111
respectively for the unballasted and ballasted
cases suggest that angular accelerations upto

a time of about 1.5 sec after the start of the
excitation are of physical significance. An
inspection of Table 41 which gives the maximum
normal acceleration at the wing root of the
Ricochet due to a single smooth ramp gust

under varied grades of turbulence, indicates
that the gust with severe intensity(a_ = 3.7m/sec)
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can cause a_maximum normal acceleration of
12.92 m/sec? at the wing root of the unbal-
lasted Ricochet. The maximum normel .accel-
eraticn due te a pair of gusts also occurs in
the unballasted case and is of magnitude
20.124 m/sec? in the severe grade of gust in-
tensity ( & = 3.7 m/sec) as reported in

Table 42. Normally, sailplane designers be-

- come concerned when any part of the structure
exceeds an approximate limit of the normal
acceleration of 3aqg. t would be desirable to
check the distribution of stresses in the air-
frame due to severe gust conditions. The
maximum normal acceleration at the pilot C.G.
which expectedly occurs in the severe grade of
gust intensity { g = 3.7 m/sec) is 20.3
m/Seczf Although this normal acceleration is
tolerable to an average pilot, it can be un--
pleasant at times. In Table 44 a comparison
has been made between the results obtained frem
the discrete gust method and the PS5D approach
used earlier in Chapter 7. The ratic of the
maximum response from the discrete gust method
to that cof the r.m.s., response obtained from
the PSD method is considered to be the standard
basis of comparison. The ratio which has
turned out to be 3.94 and 3.75 respectively

for the unballasted and ballasted cases agrees
very well with the figures obtained by the

gust analysts in the U.K. (The gust analysts.
in the Royal ARircraft Establishment, U.K. have
reported the ratioc to be within 3 to 4). S
Since the complete analysis has been carried
out for an aircraft speed of 30 m/sec, it would
be of necessity to examine the aircraft be-
haviour to discrete gusts at higher speeds.
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CHAPTER 9

SUMMARY OF DISCUSSION AND CONMCLUSIONS

As has been described earlier, this work stems
from the promising performance gains indicated in
the design study of atailless sailplane (the
Ricocchet design - Ref.37) and the uncertainty’

as to uhether this achievement would be made
impossible by aeroelastic limitations. The
present research does indeed indicate severe

and unacceptable limitations of this nature on

the design as put forward. The parametric study
undertaken has moreover indicated that it is
unlikely that any tailless sailplane of the
Ricochet type will be free from similar limitations
as the main geometric variations which can improve
the flutter characteristics ars those which would
~ lead to the loss c¢f the performance advantages
-claimed for the design., This will be particularly
true for other classes of tailless swilplane with
aspect ratios and materisl of constructicn
similar to the Ricochet. The parametric study
mentioned above does not take into account any
variation of aspsct ratio and material af con-
struction of the basic aircraft. However,
specific conclusions drawn from the Ricochat
analysis are sxtended to the general class of
tailless sailplanes. :

The research has revealed that the Ricochet in-
ite present form with 13% sweep and 100 Kg m“
pitching moment of inertia is unacceptable
because of its low symmetric flutter spsed at

38 m/sec. The type of flutter found with the
Ricochet consists of an overall flapping motion
of the complete aircraft dominated by the up

and doun movement of the fuselage and centre
wing. An upuard movement of the fuselage at
flutter speed is accompanied by a downuard mcove-
ment of the wing tip and vice versa. Unlike
conventional aeroplanes, the fuselage of the
Ricochst undergoes maximum displacement at the
flutter speed and the resulting moticn is not
due to the coupling betueen bending and torsional
modes usually found in classical flexure-torsiocn
flutter but is the direct result of the coupling
between the short pericd oscillation and the
first bending mode in the symmetric motion.



Significant improvemsnts in the fluiter charact-
eristics of the Ricochet result from increasing
its pitching moment of inertia and/or reducing

its angle of sweep as attempted in the parametric
study in Chapter 5. However, tc remain within

the scope of tailless design with particular
reference to the Ricochet, it may not be realistic
te reduce the sweep mainly from the point of
stability and control efficiency; and sc without
any alteration of sweep, a pltchlna moment of
inertia value in the order of 250 Kg m? (of which
‘a small fraction of about 40 Kg m2 may be supplied
by the swept wings) would be needed for an accept-
able flutter speed, It is difficult, if not
impossible, to achieve this pitching moment of
inertia from a tailless layout particularly in

the class of tailless sailplanes tc which the
Ricochet belongs.

To comment on possible flutter characteristics
of the general class of tailless sailplanes, it
must be stressed that the aircraft behaviour is
predominently dependent on both the structural
properties involving inertia and stiffness dis-
tributicns &s well as the aerodynamic properties
asscciated with the geometry of the aircraft.
Changes in these two properties will expectedly
produce changes in the flutter characteristics
to a certain extent. Structural modifications

to the Ricochet whose metallic wings have as much
torsional stiffness as is necessary, might includs
carbon fibre spar reinforcement to improve the
flexural stiffness. This would be helpful
because of the large part which flexural modes
play in the Ricochet flutter mode. The FRP in
general has higher bending stiffness than ths
‘aluminium alloy and is thus a novel aliternative.
‘The relative positions of the mass and shaar
centre of the wino sections are unlikely to be
able to be altered sufficiently to affect the
flutter speed because of the small chord of the
high aspect ratic wing. The ccope for modific-
ations of aercdynamic paramsters such as the
aspect ratio, wing chord, taper ratio stc. is
rather limited if the sailplane has to remain
within the 15m class span. Houwever, the situation
can be improved by incorparating design mogifi-
cations on structural and aerodynamic parameters.
But four the class of ftailless sailiplanes like
the Ricochet, there is nc replacement for the
inadequacy cof the pitching moment of inertia
value of thes aeroplane. Even i” the torsional
rigidity provided to the winns is sufficiently
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high, there still exists a possibility that the
short pericd mode can couple with the first
bending mode to give rise to an overall instability
of the flutter type without involving elastic
distortion of any torsional mode. Of course, if
such an interaction of the rigid body motion with
the elastic modes in.bending occurs at a suffi-
ciently high speed, the instability can be of no
serious concern. It may be emphasized again

that an important way to bring about a change

in the design of the Ricochet is to use composite
materials like the FRP instead of the aluminium
alloy. However, before taking such a step, it
would be useful to study the effect of the rela-
tive magnitude of the bending and torsional stiff-
nesses of the wing on the flutter behaviour of

the aeroplane.

The reduction in both aspect ratio and sweep may.
improve the flutter characteristics of a tailliess
sailplane. But this can have adverse effect on
the higher performance and overall contreollability
of the aircraft and therefore, presents a difficult
compromise, On the basis of the information
available to date, it is quite apparent that none
of the tailless sailplznes which existed in the
past  resembles to any appreciable extent the
Ricochet with the high aspect ratio of itz metallic
wings (A.R = 22). Evidence {(Ref.l) indicates

that the historic tailless sailplanes like the
BKB, Horten gliders and Fauvel¥ had wings {mainly
of wooden censtruction with larger areas and
thicker chords) of aspect ratios ranoing betwsen
10 to i2. The BKB and the Horten gliders had a
reasonable amount of sweep in the leading edge

of approximately the same magnitude of 13° as in
the case of the Ricochet whereas the Fauvel con-
struction - interestingly encugh, did not rely

on sweeping the wings but had thicker chords

with larger wing areas. It is again a matter of
"achievable objectives to benefit from the earlier
design in the overall perspective of high perfozr-
mance gain.

The flutter analysis of the Kestrel has shown
excellent agreement with experimental and
flight test results and has provided an important

* see Jane's World Sailplanes and Motor Gliders,
First published in 1978 by Macdonzald and Jane's
Publishers Ltd., London. '



basis of reference for comparison. Apart from
the marked difference in the flutter speed (the
Kestrel wings have a flutter speed of 70 m/sec),
the distinguishing feature of the calculated
results is that the rigid bady modes do not play
any significant role in the flutter character-
istics of Kestrel wings whereas they are the chief
contributors to the flutter motion of the Ricochet.
It has been established that the Kestrel wings
flutter because of the interaction between the
fundamental bending and torsional mode. This is
a normal phenomenon with wings of conventional
aeroplanes. The other interesting observation

in the comparative study is about the frequency
of oscillation at flutter speed. The flutter
frequency for the Ricochet is 8.7 rad/sec uhereas
it is 53.8 rad/sec fer the Kestrel wings. The
low frequency instability found with the Ricochet,
being an overall. instability of the complete
aircraft, indicates a kind of uncertainty in its
pitching behaviour whereas the analysis in the

- case of the Kestrel presents itself as a distinct
case of & wing flutter problem.

The short period oscillation characteristics

-of the Ricochet suggest that the flexibility of
the aircraft is an important factor which decides
the short period frequency and the associated
damping in the mode. The investigation shous
that the flexibility has caused increase in the
frequency and reduction in the damping of the
short period mode. However, the speeds chosen
for the analysis are not appreciably belou the
flutter speed. When the flutter speed of 38 m/sec
of the Ricochet is approached from a lower speed
of 25 m/sec, it is found that the short period
frequency gradually increasss with the reduction
in damping. Finally at the flutter speed, thes ’
short period frequency coincides with the flutter
frequency giving rise to a self sustained motion
with no damping. As expected the rigid body
treatment of the sailplane leads to erroneous
results. Since the calculation of the short
period oscillation characteristics of the
Ricochet is limited to the lower part of its
speed range, the analysis of its modified design
- at higher speeds would be of interest. It is
important in any case to include the effect of
flexibility while evalueting the short period
mode.

The response of the Ricochet te random atmospheric
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"turbulence indicates that the r.m.s normal
acceleration at points further away from the
root is dependent on the flexible modes of
distortion of the wing. However, at the pre-
scribed aircraft speed of 30 m/sec, the flex-
ibility has not influenced the response at the
wing root. The r.m.s. normal acceleration at
the tip of the Ricochet is, in general, found
to be about 2.5 times than that at the wing
root. This result is in contrast to the flutter
modes of the Ricochet which indicated a larger
deflection at the root rather than at the tip.
The presence of the external exciting force in
the forced vibration case is the contributory
factor to this change. It would be worth in-
vestigating whether large normal acceleration
at the wing tip due to turbulence could cause
overloading in the structurse. In the severe
grade of turbulence {gust intensity : 3.7 m/sec)
the r.m.s value of the normal acceleration at
the wing tip of the Ricochet is 8.3 m/secZ.

The r.m.s. normal acceleration at the pilet C.G
corresponding to this cgndition has been cal-
culated to be 4.8 m/sec?. This is well within
the acceptable range. The calculated number

of times a point on the deformable aircraft
crosses a particular valued normal acceleration
with positive slope per unit time would provide
the basis for the study of stress cycles at
eritical points on the wing. Provided the air-
craft is redesigned, the response charactesristics
at speede appreciably higher than 30 m/sec can
be explored with profit.

The analysis of the respecnse to discrete gusts
has been restricted to the wing root of the
Ricochet apart from its constant forward speed
of 30 m/sec. The maximum normal acceleration

at the wing root and also at the pilot C.G is
found to be approximately of the value 2g in

-a condition when the aircraft is subjected to

a pair of smooth ramp gusts(one-minus-cosine
profile) with the severe grade of intensity
(gust intensity : 2.7 m/sec). Even thcugh this
normal acceleration can be tolerated by a pilct,
it can be unpleasant at times. The acceleration
in the flexible part of the aeroplane due to
various types of discrete gusts has to be inves-
tigated to fulfil the strength criteris. OF
course, the normal or angular accelerations at
“various spanwise stations do not bear an
explicit implication of the loading on the



~structure unless the ncet bending moments and
shear forces are calculated with the effects of
flexibility atvarious points on the wing. The
time dependency of the roct response obtained
for varied gust conditions may further enable an
ment of the ride quality of the aercplane.

The ratio of the maximum response obtained from
~the discrete gust analysis to the r.m.s responss
cbtained from the PSD method for the Ricochet

is found to be within the range of 3 to 4. This
agrees very well with the experiences of gust
analysts in the U.K. It is desirable to repeat
the calculations at higher speeds when the aero-
plane is redesigned for a much highpr flutter
speed.,

The computer programs developed during the course
of this research are fairly general purpose and
can be used for aeroelastic calculations under
conditions stipulated in this thesis.

In the final comment, it can be said as a con~ .
tradiction to the unhappy conclusion registersd
in this thesis that there is still room for
exploration of sensitive design variables to
arrive at a reasonable compromise and make the
tailless sailplane design a possible possibility.
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CHAPTER 10

RECGMMENDATIDN FOR FURTHER WORK

Although the longitudinal dynamics of the tailless
sailplane (The Ricochet) under investigation

‘has been given extensive treatment, there are

quite a few important areas where further re-
search can be carried out. First of all, the
information laid down about the aeroelastic
characteristics of the Ricochet would provide
critical data for designing a tailless sailplane,
particularly to achieve-an acceptable flutter
speed. The response calculations will then have
to be repeated for the modified aircraft at
speeds which are more realistic than those nec-
essitated by the existing design. In the analysis
of symmetric flutter and response characteristics
of the Ricochet, elevon motions have not been
considered in this thesis. A complete investi-
gation will need to include those freedoms.

Using composite materials like the FRP instead
of aluminium alloy, could be an alternative way
to bring about a change in the design of the
Ricochet. ~ However, this would first require the
investigation of the effect of the relative
magnitude of the bending and torsional stiff-
nesses of the wing on the aeroelastic behaviour
and response characteristics of the basic air-
craft. The effect of other aircraft parameters
like the sweep, pitching moment of inertia and
also the influence of the aspect ratio on the
results should also be included.

The antisymmetric flutter of tailless sailplanes
(in particular - the Ricochet) involving move-
ments of the ele¥ons has not been studied in.

"this thesis and is therefore an important area

for future investigation. The analysis of
aileron (elevon) reversal speed is also an
important area for future research. O0f course,
the phenomenon of aileron reversal is important
from the point of control effectiveness rather
than failure or damage of any structural part.

It is not expected that a tailless sailplane
may suffer from classical divergence phenomenon
in the same fashion as of a conventional tailed
aircraft. The only divergence-like phenomenon
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likely to occur is that of the central portion
~of the wing twisting relative to the tips. This
needs investigation before any decisive remark-
about the associated uncertainties can be made.

With particular reference to the Ricochet, there
are two extreme methods used in this thesis to
analyse the short periocd oscillation character-
istics. In one case, the net effects of the
flexibility as well as unsteady aerodynamics

have been accounted for whereas in the other

case the aircraft has been considered rigid and
to this effect, neither the flexibility nor the
unsteady aerodynamics has been taken into account.
It would be of considerable interest to apply a
guasi-static method using modified aerodynamic
derivatives to examine whether the results obtained
with this method lie within the bounds of those
using the above two methods. - :

A tailless aircraft in general is expected to
suffer some loss of damping in its phugoid mode
because of its low parasite drag. In this regard,
the analysis of the phugoid motion of a tailless
aircraft is an interesting area of exploration.

Sailplanes are slow flying machines and the effect
of horizontal gusts and turbulence on them may

be significantly important for their response
characteristics as it affects the dynamic pressure
distribution over the aircraft. An investigation
in this regard should be included in any further
work.

During the complete analysis in this thesis,
the control surfaces of the aircraft have been
considered to be rigidly connected to the main
body with their angular settings at zero. The
behaviour of the flexible aircraft subjected to
various types of control inputs in the presence
"of gusty atmospheric condition with its unsteady
aerodynamic effects would be a useful study.
This is a challenging area, both in the context
of the Ricochet analysis and also of academic
interest involving additional efforts which will
combine the discipline of thestability and
control with that of the flutter and response.
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APPENDIX A

PARTICULARS OF THE RICOCHET

Structural Details of the Ricochet

The general arrangement of the Ricochet and some
relevant details have already been shouwn in

fFigs. 1-5. Most of the structural and aero-
dynamic parameters of the Ricochet have been
deduced from the drawings of the design study
described in Ref.37., The details of the
calculations made are not reported here but

the gist,of the calculaticons is produced in the
form of graphs for final presentation. All
important parameters needed for aeroelastic

calculations are deduced and in some casses estlnated

whenno relevant data were available. Fig. 112
shows the distribution of the metallic area
along the semi- span of the Ricochet Wing,*

The second moment of area (Iy) distribution of
the pri n01pal bendlng carrying members zlong the
semi-span is shown in Fig. 113, The polar mom-
ent of inertia (secticnal) I + Ip along the

semi~span is shown in Figs. 114 whereas the
distribution of the shear centre and mass
centre of the wing along the semi-span of the
Ricochet are respectively shecwn in figs. 115
and 116, The bending and torsional stiffnesses
represcnted by EI and GJ are respectively

.8hown in Figs. 117 and 118. The torsional

stiffness (called structural GJ) is evaluated
applying Bredt-Batho theory to torsional ceil

_boxes of the wing structure. PAFEC (Program

for Autcmatic Finite Element Calculation)

uses the polar second moment of area (Ip in

PAFEC notation) for beam elements for calcul-
ating polar mass moment of inertia (Ip x P ),

and the torsional stiffness (ID x G). It is
obvious that the true material density (P]

and shear modulus (G) which are both materisl
properties can only be used for tersional inertia

"*The Ricochet wings are made of 6061-T6

Aluminium alloy whose density is 2720 Kg/m°.



properties and not for torsicnal stiffnesses

because ths section used for the aircraft

wing is neither circular nor a sclid one.

The restriction is overcome by using some

effective values of G defined as Ggfe = Girue X J
Ip

in the PAFEC analysis. Gtrue is the true shear

modulus of the material; J is the Bredt-Batho

torsional parameter and Ip is the second polar

moment of area. All the details presented in
Figs. 112-118 are used in the structural ideal-
isation of the Ricochet wings as a series of
beam elements. ;

A.2 Aerodynamic ahd Dther Geometric Details of
‘ the Ricorchet

A.2.1 Wings

Metallic

Type :
Span- (b) : 15m
Area (5) : 10.26 n”
Aspect Ratio (A) : . 21.93
Wing Root Chord (cp) : 0.73 m
Wing Tip Chord (c.)  : 0.50 m
Wing Crank Chord (bm) : 0.73 m
Standard Mean
Chord (3) : 0.683m

Mean Aerodynamic

 Chord (T) : 0.689 m
'Taper Ratio (7\)' : 0.685
4 Chord Sweep (A ) s 13°
Dihedral ([7) : 0,0°

Aerofoil Section

e
m
-
=]
P
)
H
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A.2.2 = Elevons

Type'

¢ Plain
Span : 2.625m
Area (each) : 0.283 m2
- Percentage Chord : 17.5

Maximum Deflection

.o

26,67 degrees
‘Maximum Deflection .

"~ Down : 13.33 degrses

The elevons extend from 60 to 95 percent of
‘the semi-span. ‘

—r i it

A.2.3. lap

Inboard Segment:

Span : 2.625 m
Area (each) : 0.335 m?
Percentage Cherd : 17.5
MNaximum Deflection

Up : 10 degress

Maximum Deflection

Doun : 80 degrees
"Lift Curve Slope (az) : 0.70
-Centre of Pressure ‘ :
(h.) : =0.134
C v
Uﬁtboard Sagment:
Span : 1.875 m
Area (each) s 0.24 n?
Percentége Chord ¢ 17.5
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Maximum Deflection
Up ’

Maximum Deflection
Douwn

The inboard flap extend

.

6.7 degrees
6.7 degress

from 5 to 35 percent

semi-span, the outboard Flap i;om 35 to 60

percent seml—:pdn.

Fuselagse

Overall length
Maximum Width

Maximum Height

Ineitia Properties aof

3.4 m
0.585 m
0.82 m

the Ricachet

Masses

Wings (both)
Fuselage
Empty Mass
Instrumenis

Batteries

Equipped Mass

Maximum Pilot Mass
with above equipment

Maximum Water Ballast

Maximum All Up Mass

Nominal mass used for
Stability and Control

(i) Without Ballast
(ii) With Ballast

*e

-

99.8 Kg
55.33 Kg
155.1 Kg
6.8 Kg
2.27 Kg

164 Kg

113.4 Kg
90.7 ¥g

368.3 Kg

Calculations

254,9 Kg
345.6 Kg
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Moments of Inertisa

Taken about aircraft centre of gravity at all
up masses of 254.9 Kg withcut ballast and

345.6 Kg with ballast.

Foruard Centre of Gravity

Rolling Moment of Inertia
(without Ballast)

Rolling Moment of Inertia
(with Ballast)

Pitching Moment of Ipertia
(without Ballast)

Pitching Moment of Inertia
(with Ballast)

Yawing Mement of Inertia
(vithout Ballast)

Yawinhg Moment of Inertia
(with Ballast)

Aft Centre of Gravity

Rolling Moment of Inertia
(without Ballast)

Rolling Moment of Inertia
(with Ballast)

Pitching Moment of Inertia

(without Ballast)

Pitching Moment of Inertia
(with Ballast)

Yawing Moment of Inertia
{without Ballast)

Yawing Moment of Inertia
(with Ballast)

LX)

. oo

(2] o0 »e .w ’Y ]

. es

2421 Kg.m

1751 Kg m?

2

9
95 Kg m”

100 Kg m?

1832 Kg m?

1751 Kg m2

2421 Kg m?

93 Kg m?

99 Kg m?

1832 Kg m2

‘ 2
2592 Ka m”



R 4

Centre of Gravity Maroins

Foruard (percentage. standard

mean chord)

Aft (percentage standard

mean chord)

fAerodynamic Stability and Control

.

16.5% SMC
21% SMC

Derivatives

rigid aircraft are given below:

Weight

Height

Speed (TAS)
Cenfre of Gravity

Rircraft Lift
curve 3Siope

Static Margin

fMlanoeuvre Margin

C.G.foruard

0.0 km
118 Kts
16,5% SMC

5.68

6.28% SHC
9.7% SMC

345.6 Kg

-Tuo typical sets of the derivatives for the

C.G.aft

254.9 Kg

4,57 km
21% SMC
5.68

1,79% 5MC

4,8% SMC

Longitudinal, non dimensional, Stability

Derivatives

-0.00953
80,0595
0.0
-0,1452
-2.845
-~-0.8883

- -0.0191

o )

. L

] (€3]
N
[9)
~

"‘007972
-2.85
-0.761
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0.0
~1.254

0.0

‘Longitudinal Control Derivative

Elevon Lift Curv
Slope (&,)

Elevon Centre of
Pressure Locatio

Inner Flap Lift
Curve Slope (82)

Inner Flap Centr
of Pressure Loca

Lateral, non dimensional, Stability

n (he)

e

tion -

0.82
1.04
0.7

~-0.134

-0.0171
0.0079

-0.,0829

0.0422

-0.028
-00 7206

-0.0199

Lateral Control Derivatives

Elevon Rolling
Derivatives -

Elevon Yawing
Derivatives

"‘002598

0.0057

0.0
-0.051
-1,311
0.0

 0.82

1.04

0.7

-0.134
Derivatives

-0.0196
0.0116
-0.0829
0.2316
-0.0269
-0.7212
-0.1094

-0.2173

0.0263
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Spoiler Rolling
Derivative (for full
deflection) -0.0394

Spoiler Yauwing
Derivative (for full :
deflection) ‘ -0.0056

“Do 0423

-0.005%
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APPENDIX 8

PARTICULARS OF THE KESTREL

Slingsby's Kestrel-22m sailplane which reported

to have suffered a wing flutter problem in the
region of 140 Kts came to Cranfield at a late
stage during the course cf the main investi-
gation. Structural and other details of the
Kestrel have been evaluated and the results

are declared in the form of graphs. The part-
iculars of the Kestrel are not disclosed in
sufficient details as a matter of the manu-
facturer's company policy. The FRP construction

- of the aesroplane offered certain difficulties

in idealisation but they are overcome with
suitable approximations. '

Structural Details of the Kestrel

The general arrangement of the Kestrel has
already been shown in Fig. 36. The bending

and torsional stiffnesses cof the uwings, fuselage,
tailplane and fin and rudder assembly are found
out by theoretical calculations and then checked
with experimental results, There was a fair
degree of agreement between the tuwo set of re-
sults, the experimental values are given mors
importance in the data preparation and in some-
cases a compromise between the theorstical and
experimental values has been reached., Fig. 115
shows the EI distribution of the Kestrel wing
along the semi-span uhereas Fig. 120 shows its
GJ distribution. The mass distribution along
the semi-span of the Kestrel is shouwn in fig.

"121. The mass moment of inertia (Ip) per unit

length alcng the semi-span is shown in Fig. 122,
The EI and GJ distributions along the fuselage
of the Kestrel (starting from the rear rigging-
point and up to the tail uwheel axle) are re-
spectively shewn in Figs. 123 and 124. The
rear rigging point from which the measurements
have been taken is at a distance 2.57m aft of
the nose of the aeroplane. Ffig. 125 shows

the mass distribution per unit length along the
fuselage starting from and beyond the rear
rigging point. Figs. 126 and 127 respectively
show the EI and GJ distributicns of the fin
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along its height, whereas Fig. 128 gives its
massdistribution per unit length., Similarly
Figs. 129 and 130 show the E1 and GJ distrib--

~utions of the tailplane along its semi-span

whereas Fig. 131 gives the corresponding mass
distribution per unit length.

Geometric and Inertial Properties of the

Kestrel

Material of Construction "i r} FRP

Span (b) :  22m

Wing Area (S) : 15.44 m?

Aspect Ratio (A) : 31.34

Wing Root Chord (c.) : 0.500 m

Wing Tip Chord (c) : 0.360 m
. Sweep Angle : 0.0°

Nass’of the Inboard Wing (each) : 90 Kg

Mass of the Outboard Wing( " ) : 25 Kg

Fuselage Mass with Equipments : 180 Ko

Mass of Tailplane including
Elevators

11 Kg

Mass of the Rudder Extension ¢ 1 Kg
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ADPENDIX C

PARTICULARS GF THE 15M CLASS STANDARD CIRRUS

The Standard Cirrus sailplane is constructed
from glass-fibre reinforced plastic and being
-in the 15m class falls within the category of
the Ricochet so that a comparison of the
structural, aerodynamic and inertial parameters
of the tuwo aeroplanes can effectively be made.

Aerodynamlc and Dther Geometrlc Detalls of the
Standard Cirrus- :

Wings

Type ¢ FRP-
Span (b) : 15m
.Afeé (s) : 10 n?
Aspect Ratio (A) : 22.5
Wing Root Chord (Cr) : 0.915 m
Wing Tip Chord (Ct) : 0.35m
Wing Crank Chord (ém) : 0.64 m
Standard Mean Chord '
(c) -t 0.664m
"Mean Aerodynamic Chord
‘ c : 0.707 m
Taper Ratio (A) : 0.3825

% Chord Sweep (A)

L]

0.4 Degrees

Dihedral ([7)

.0

4,0 Degrees

Aero Twist Root/Tip
' ( g,) : 1,5 Degrees

Aernfoil Section + Wortmann FX;66~5—196‘



3

1.2

C.1l.3

C.l.d

Ailerons -

Type

Spén

Area (Each)
Percentage Chord

Naxihum Deflection
Up

Maximum Deflection
Douwn

Horizontal Tail

Type
Span

Area (ST)

Aspect Ratio

Tip Chord
Root Chord

- Taper Ratio

1 Chord Sueep

Tail Arm (LT from
4 Chord M.A.C. Wing

to % Chord M.A.C. Tail)

Vertical Tail

Area of Fin and
~ rudder (SF)

Area of Rudder
Aspect Ratid
Tail Arm L

F
Maximum Deflection

e es .e Y]

Y]

e

LX)

(X3

(2]

o

Plain

2.6 m

]

0.314 m
25.0

26.67 Degrees

13,33 Degrees

All Moving

2.4 m

1.022 m?

5.66

0.30
0.656
0.455

13.2 Degrees

3.724

2

1.282 m

0.348 m2
1.33
3.6

25 Degrees
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Fuselage

Overall Length : 6.3 m
Maximum Width : 0.61m
Maximum Height ¢ 0.84 m

Inertia Properties of the Standard Cirrus

Masses

Wings (both) : 118 Kg
Fuselage (including
' rudder) 1 93 Kg

Horizontal Tailplane : 6.8 Kg

Empty Weight : 217.7 Kg-
Ihstruments ¢ 6.8 Kg
T 2.27 Kg

- Batteries
Equipped Weight (UE) :  227.0 Kg

Maximum Pilot Weight
(with above Eguipment)

(up) . Tt 113.4 Kg
‘Maximum Water Ballast :

(Ub) : 59 Kg
Maximum All Up Weight

(W) ¢ 390 Kg

Moment of Inertia

Taken about aircraft centre of gravity, at all
up weights of 317.5 Kg without ballast and
376.4 Kg with ballast.
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Forward.Céntre of Gravity

Rolling Moment of Inertia
(without Ballast)

Rolling Moment of Inertia
(with Ballast)

Pitching Moment of Inertia

(without Ballast)

Pitching Moment of Inertia
(with Ballast)

Yawing Moment of Inertia

(without Ballast)

Yauing Moment of Inertia
(with Ballast)

»Aft‘Centre of Gravity

Rollihg Moment of Inertia
(uithout Ballast)

Rolling Moment of Inertia
(with Ballast)

Pitching Moment of Inertia

(without Ballast)

Pitching Moment of Inertia
(with Ballast)

Yawing Moment of Inertia
(without Ballast)

Yawing Moment of Inertia

(with Ballast)

Centre UF_Gravity Marqgins

Forward (percehtage standard

mean chord)

Aft (percentage standard
mean chord)

(T3 (X3 Y3 oo .e

e

LR

1655 Kg m

-~ 583 Kg m

583 Kg m

2
1994 Kg m?
2
2

2238 Kg m?

o

2577 Kg m

1655 Kg m?

1994 Kg m?

570 Kg m2

586 Kg m2

2225 Kg m?

2580 Kg m2

47,39% SMC

24.87% SMC
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APPENDIX D

USE OF NORMAL MODES IN FLUTTER ENALYSIS

Among all aeroelastic phenomena, flutter of
aeroplane wings, in general, is a serious
problem. This is particularly true for sail-
planes whose wings are the most deformable part
of the body. Taking advantage of the symmetry
of the aeroplane structure, the wing flutter
problem is generally divided into symmetric and
antisymmetric analysis*. In this appendix, the
formulation of the flutter determinant in the
symmetric case only using normal modes of vib-
ration is discussed in detail. The modal
method enables the use of lifting line or -
lifting surface theory to evaluate the general-
ised airforces in flutter calculation. The
finite element method being a pouwerful technique
can be used to obtain the natural frequencies
and mode shapes. o :

General Approébh:to the Flutter Problem '

Flutter is a phenomenon of self-excited or un- v
stable oscillation arising out of the simultaneous
action of elastic, inertia and aerodynamic forces
upon a mass or a system of masses. The purpose
of this section is to cutline a general approach -
to the flutter problem through the use of some
well knoun principles namely, the finite element
method and unsteady aerodynamic theory. Thes mass
and stiffness matrices generated from the finite
element idealisation are transformed into modal

" co-ordinates- to give generalised mass and stiff-

ness and similar treatment is made to the
asrodynamic forces to give a.generalised aero-
dynamic matrix, Finally, these three matrices
are assembled to form the flutter matrix. The
flutter equations are solved as usual for the
sinusoidel oscillation which is the transition

¥ Symmetry reduces the magniﬁUde of the problem
reducing the size of the matrices. '



between stable and unstable oscillatory motion.
Use of normal modes in flutter analysis is
quite common now a days and the specific merits
of this method have been discussed in Ref.49,

‘Choice of Generalised Co-ordinates

Since flutter of an aeroplane wing may result
from the coupling of bending and torsional
motions, an inspection of the natural frequencies
normally suggests that at least the first and
second bending modes and the first torsional
mode of the wing will have to be considered in
order to describe the flutter. Bisplinghoff

et al (Ref. 49) suggested some guidelines for
the selection of mode shapes for a flutter
analysis. In earlier days it was felt by many
investigators that it was unnecessary to intro-
duce the body freedoms of the aeroplanz as uhole
into the flutter problems, ~ This outlook has
changed particularly since the introduction of
swept wings and in present day flutter calcul-
ations, the effect of rigid-body freedoms is
often considered to be important. The normal
modes for an unrestrained aircraft contain the
rigid-body motions in the standard eigen value
solution. The generalised mass associated

with the rigid-body motion is calculated in the
same manner as in the case of an slastic motion.
The stiffness associated with a rigid-body motion
is, of course, zero.

Formation of Inertia and Eiastic Matrices

If thebfinite element méthod is used to find

_the normal (or ortheogonal) mode shapes and

natural frequencies of the aeroplane, (as it

has been done in this thesis) the assembled

mass and stiffness matrices of the structure in
the finite element idealisation are diagon-
alised and thus transformed intoc generalised
mass and stiffness matrix form. This is achieved
by post multyplying the mass and stiffness
matrices by the modal matrix (that is the matrix
formed by the columns of the selected normal
modes) and premultiplying the resultant matrices
by the transpose of the modal matrix.
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In matrix form, the generalised mass and stiff-
ness matrices are. ‘ :

[m] £¢] [1][(1’] e, (D.3.1)

[s)]

it

|

(o) [s)[H] 0so

t}ﬂj is the diagonal mass matrix
tﬁ:} is the diagonal stiffness matrix

[:956] is the modal matrix formed by
the columns of the selected modes
so that each column of[qpm

represents a normal mode.

Formationof Aerodynamlc flatrix USan Strlp
Theory

In the formulation of the flutter matrix the
matrix needed other than the mass and stiffness
is the aerodynamic matrix expressed in terms of.
generalised co-ordinates. In this appendix,
the cscillatory aerooynam1cs developed by
Theodorsen (Refs. 58, 49) is used to formulate
the- aerodynamlc matrlx.

- The aerodynamic forces entering into an ordvnary

flutter calculation are the increments of forces
caused by the deformed motion of the surface of
the aircraft in a uniform airstream. The 'static'
forces which act on the undeformed system, which
are ordinarily used in aeroplane performance

and strength calculations, do not enter into

the flutter phenomena; and are ballanced by

the forces of gravity. Only the air force
increments or ‘dynamic' air forces resulting

from the unsteady flou caused by chonglng
deformation cf the surface occur in the equations
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of flutter. The determination cf the dynamic
air forces is complicated by the unsteady flou
condition and only a few solutions for partic-
ular surfaces are available. Theodorsen (Ref.
58) has derived expressions for the forces for
two dimensiocnal flow over a rigid airfoil
~executing a general sinusoidal oscillation
in heave and pitch. The Theodorsen expressions
are quite standard and are extensively used for
flutter analysis. ‘In recent years Davies

‘(Ref. 117) has developed a method to determine

the subsonic oscillatory airforce coefficients
by. extending the lifting surface theory of
Multhopp type leading to a computer program
(Ref. 118) which requires too extensive computer
facilities to be useful for this work. In any
case, the aerodynamic forces are introduced into
the equations of motion by the generalised force
terms and since a general expression for the

air forces is not available, the method of
expressing them in the form of generalised
forces is discussed in the subsequent sections.

Torsion-Bending Aerodynamic Forces

' The torsion—bending oscillatory aerodynamic

force and moment on an aerofeil based on tuo
dimensional flat plate theory of Theodorsen
are given in Refs. 48-49 and 58 as .

L _ -k‘z(_g_ - a.ho() + ik d 4+ zp(k) [d

P 7 bu?

+ihk + (1 -ah)‘ikx]
b 7

ee.(D.4.1.1)

P . 2
-k“a fh -adl-f1 a Vikd+ K«
) h(E h) (’é‘- h) g

ce+(D.4.1.2)



Where L is 1ift force defined positive up and h,
the vertical displacement defined positive
down, M is the pitching moment and «£ is the
angular rotation - both defined positive uwhen
leading edge is up. The adjoining sketch of

rk_"b__ﬂA/,Nid chord
-

~the airfoil as a rep-

-4 ‘
bap —wi | resentative flat plate

= Elastic explains the nomenclature

' .. Axis of the various terms used

in equations (D.4.1.1)
and 20.4.1.2).

Bisplinghoff et al (Ref. 49) modified these
expressions for a wing whose leading edge has
an angle of sweep /A . The derived expressions
in Ref (49) for an oscillating aerofoil in
subsonic flow with the effect of swesp are same
as Theodorsen’s except the fact that the right
hand side of equations (D.4.1.1) and (D.4.1.2)
are to be multiplied by cos/\ uhere A is the
sueep angle. In matrix form these expressions
for 1ift and moment can be expressed as

(3 Lo omel

: T e (D.6.1.3)

vmhere
o2 T2 n DS
Ayq = -TEU [ K% + 2C(k) 1k] cos /A
eee{D.4.1.4)
- 2 .2 . ' ;,
A12 = -HFJJ?[KahK + 1k) + zt(k){
1+ iK (1 ah)} cos A ...(D.4.1.5)
. : 2 - . .
A21 =

2

ne u%p [ 2C(Kk) ik (j_ + ah) - kzah]cosfk

eeo(D.4.1,6)



‘ - 22T . .
Ay, = TLpU%D {:QC(k) (_15 * _ah){l + 1k(_j)_ - ah)}

+ kz"+,k2 a2 + {a,. - 1 Dos/\
K " . 3

8 -

;..(0,4.1.7)

The signs of A11 and A12 are reuersed to make L
,pogltlve downuwards correspondlng to the 81gn of
the deflectlon, h. o

The Theodorsen functlon CO<) used in the above:
expressions is- mathematically defined by Bessel
-or Hankel functions as:

HONCH

. c(k) 
H, (2) (k) + iR (2) (k)

«ee(D.441.8)

where

*ﬂfz) (k) = 3,(K) - i VYo (k)

...(D 4.1. )

where Jn are Bessel functions of the first kind
. of order n, and Yn are Bessel functions of the
second kind of order n. Jn and Y can be
expressed as pouer series.

In reference to the present analysié the Bessel
functions used in the computer programme are

Jgr Iq0 Y, and Y, which follow from the solution

of the Bessel's differential equation. These
functions are given by

Jo(x) -1 - %2 4+ xl'l - ~x6 +

221N?% 2%(2n? 28(3))?

ee.(D.4.1.10)
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3,00 = x - x>+ _x> -
2 2%12) 25213)
veo(Da4.1.11)
Y(x) =2 (7+ 10y x ) 3,(x)
o 'ﬂ_ (7 e > o'
-2 3 0T G/ (e 41)
31 r=1 (I‘l )2 ' T
...(D 4.1.12)
¥, (x) —TgL (77+ loge_i):l (x) nx
-1 (-1)T (x/2 2=+ {2( hees 1 1L
1 !l (¢ o+ 1)U r o+l }
r=0 =

eeo(D.4.1.13)

Where <= 0.57721566 ..... is Euler's constant

‘There are approximate expressions for C(k) given

in Ref. 48. The approximation leads to lass
than 10 percent error from the actual C(K)
values evaluated from Bessel's function.

Derivation of Aerodynam¢c Matrlx in Gene ralised

Co-ordinates

A general method of setting up the airforce
matrix in terms of generalisec co-ordinates is
described in this section. Through the use of

a finite number of generalised displacements and
co-ordinates, the problem cf a continuocus struc-
tural system, which theoretically has an infinite
number of degrees of freedom can be reduced to
one wnich has only the few degrees of freedom



- 121 -

which are of practical interest. Another advan-
tage of the use of generalised co-ordinates is
that, if the genera;lsed displacements 'qg' of

a system with whatever constraints cor boundary
conditions exist can be considered as independ-
ent, the equations of motion of the system

can be expressed in the very simple and general
Lagrangian form as .

d (3;1_)+ W - 0 =0, (121,20 1)
SR LR Oa; S
000(0.4.2.'1)
where Q; = independent generalised displacements

vhich specify the dlsplacemenbs of the system
about an equilibrium posltlon, :

T = ,kineticAenergy of motion of system, which
is a quadratic in g  with constant co-efficients
‘ i '

as a result of the assumption of small displace-
ments, : ~ ‘

V = potential (elastic strain) eneragy ofvsystem
which is a quadratic in Q; with constant co-

efficient as a result of the assumption of small
displacements about an equilibrium positicn,

Q; = generalised forces corresponding to -

.externally applied forces.

There is one Lagrangian éqﬁation (D.4.2.1) for
each displacement ;s therefore, the motion of

the system is completely determined by the full
set of equations. Each equation expresses the
equilibrium of all the forces on the system with
respect to a generalised displacement aj and
each term in the equation may be identified with
‘a particular generalised force. The term

4 -éé[) is the generalised inertia force
dt \2g;



corresponding to q;» the term 9V is the gener-
04 ‘ o

alised elastic force, and in a flutter problem

Qi is the generalised air-force. In section

D.3 the generalised mass and stiffness matrices

have already been derived so that Mi g; where

Ni is the generalised mass in the ith mode

corresponds to _g_(Q;L) and K;q; where Ki is
. dt BC-Ii ' '

the generalised stiffness in the ith mode

corresponds to dV of equation (D.4.2.1). Ue are

2495 A L _
only left with the derivationof generalised
forces. '
» The generalised forces 01,vQ24§:’>Qr corres-
ponding to ahy set of forces acting on a system

are defined as the coefficients of the differen-
tials Sq1, 5q2,.a1 Sqr"”hiCh specify an

arbitrary displacement of the system, in the
expression for the work done by the forces during
the arbitrary displacement. Thus, if SU denotes
the work, ‘ .

oU = Qf'gch + 0, & A+ 0 é A

;..(0.4.2.2)

is the defining equation for Q . ~In matrix

notation ' '
. 1

Su=[8a; §ay - sa]

Y
Q. ...(D.4.2.3)

Nou the aerbdynamic matrix in terms of general-
ised co-ordinates 95 Gy -+ Qg is derived

as follous:
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The vertical deflection and rotaticn of a
station y along the span at time t 1is given
by S
h(y,t)) The(y) () o ] (e ()
’ 1 "2 T 9

Kyot) ) ) dp(n) L] ] aye)

e (D.4.2.4)

where, hi(y) is the vertical deflection at

station y along the span for the ith
mode - , '

£;(y) is the rotation about the reference

axis at station y along the span for the
ith mode,

hi(y) and &i(y) are produced as the orthogonal.
normal modes of vibration by the eigen valus
solution.,

Now the generalised force 0; corresponding to
the generalised co-ordinate q; are found by

‘calculating the work done §U/ by the air forces
given by eqguations (D.4.1.1) and (D.4.1.2) in
varying the generalised co-ordinate from q; to

'qi + § a; and integrating the air forces over
the semi-span S, as follous:
S :
Su; = Sa; g{p(y)'hi(y) M0 L0 | oy
0

eee(D.4.2.5)
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In matrix form

LI I

699 b, (y)

Su, U hy(y)
ng 7 :
Lhr(Y/
S\Jr 0

5“ a. /

- Substituting for%}(y)

M(y)
of section D.,4.1

Y (§%;1 2 [h,(n)
: 1
?2 {0 - A
: 5o
U '5Ur hr(y)
34 oL

Substituting h(y,tg
kt?fs(y"t

Qz )
: = hz(Y) 0(2(Y) A21 Az
Q, | ho(y) ol (y)

0

()]

dp(y)

ol (¥) |

L(y)
dy
{l(y)i

..(D.4f2.6)

g from equation (D.4.1.3)

| .

dy(y) V[ Aq Rgaf

L) || Aay A
2 R21 Raa)

oL (y)

-

h(y,t)}
, dy
{o((y,t)

from equation D.4.2.4)

o [hq(y) holy) o
2] oLy (y) £,0y) .

- h (y) | (9
Ao (y)f{ 92 ) ay

ar
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- ‘ -/ )

G OF 45 aF 47 A

UFoq  QF oy - QF 4 ) Gy S
= ’ - \ N

QFr1 QFr2 o Q?rr qr

e . . - -
= [QF]' {qg v 0700(0040207)

¢ hid

where QF (i,) =-‘D) (A11 hihj + A,y hj *i +
Ay, hi o+ Ay, oli o5 ) dy

12
e..(D.4.2.8)

Equation (D.4.2.8) gives the elements of aero-
dynamic matrix in terms of the generalised co-
ordinates.

The theory presented is adequate for the type
of problems dealt in this thesis. Sailplanes
having high aspect ratios fly at subsonic
speed and the limitation imposed on strip theory
does not affect the analysis. Houever the
assumptions made in accepting the Theodorsen
expression for l1ift and moment are:
(i) 1lift and moment are linear functions of

h and £ :

(ii) +the airflow is two dimensiocnal, i.e. the
3 3 -, 3 -
aerofoil is assumed to be of infinite
aspect ratio

(iii) the aerodynamic coefficients are calcu-

lated for a flat plate aerofoil at zeroc
mean angle of attack.

Formation of Air Force Matrix Using Lifting

Surface Theory

Davies (Ref.117) presented a method for the
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calculation of the linearised values of general-
ised air force coefficients on a harmonically
oscillating flat plate wing in subsonic flou

by further developing the lifting surface

theory of Multhopp type. His method involving
the integral equation of Kernel function is
reasonably complex and is not reproduced here
for brevity. However, he programmed his pro-
cedure in ICL 1900 FORTRAN (Ref.118) to evaluate
the aerodynamic matrix [QF] which has been
formulated in section (D.4) using strip theory.

Formation of Flutter Stability Determinant

The flutter matrix is formed by algebraicaily
summing the generalised mass and stiffness
matrices along with the aerodynamic matrix
derived in sections (D.4) and (D.5). for a
system without structural damping the eguations
which form the flutter matrix are given by

[Qil{q}==[—2 [N]-+[}J -v[m] {?§

...(D.6.1)

- where [QA] is the flutter matrix

[fll_ is the generalised mass matrix

[Sl is the generalised stiffness
matrix

[Qﬁ] is the aerodynamic matrix - a
complex matrix of functions of

) and U
W is the frequency cof vibration
u - is the aircraft speed
{93 is the generalised co-orainate
: vector

By setting the equation (D.6.1) to zero, the
flutter stability determinant is formed.
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Inclusion of Structural Damping

There is aluays some inherent amount of structural
damping present in the structure which under
normal circumstances is advantageous from the
flutter point of view. Structural damping is
expressed as a dissipation function of the form

"(see Ref.47)

2
™ i
ee.(D.6.1.1)
where 'Ni is the generalised mass corres-
ponding to the ith mode of vibration
q; is the ith generalised co-ordinate

;. is the ith natural frequency
a. is the structural damping coefficient
of the ith mode

w is the frequency of oscillation

In matrix form D can be written as

, - |
D = 1 [69 ml {t‘qz , '
I ... (D.6.1.2)

Lagrange's equations including the dissipation

function give the generalised force due to the
structural damping as

«e.(D.6.1.3)
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From equation (D.6.1.2)

Qv
O

o/
Nl
=

S
eeoe(D.6.1.4)

For simple harmonic motion

o150

q = qeiwt .
0 - ee.(D.6.1.5)

0.0 a - imq ‘ ‘000(0060106)

Substituting in equation (D.6.1.4)

.%;_ _ i[ﬁzgl"]]{q} e (D.6.1.7)

Including the structural damping in equatlon
(D.6.1.) of section D.6, the flutter-stability
determinant becomes -

[Qtﬂ{ } [N]Log+1(., QJ +r_sl
+-@F] {q} ' (D.5.1.8)

Structural damping generally has only small
effect on the oscillatory motion because the
-structural damping coefficient lies in the
range 0.0 to 0.08 for built up aircraft con-
struction.
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APPENDIX E

SHORT PERIOD OSCILLATION CHARACTERISTICS OF

RIGID AND FLEXIBLE AEROPLANES

A longitudinal disturbed motion of an aircraft
following an arbitrary initial disturbance,
consists normally of two oscillatory modes
namely, the short period and the phugoid. The
short period oscillation for a conventional
aircraft with a period nc more than a feuw
seconds (sometimes belouw 1 sec) is usually so
strongly damped as to become not recordable
after two or three periocds. The phugoid
oscillation of a conventional aircraft has
period of the order of one minute (up to 2 min-
utes or more at high speed) and its natural
damping is aluays louw, the practical importance
of this damping, being, houever, very much less
than that of the more repid (short period)
oscillaticn. :

The short pericd oscillation'of a rigid asro-
plane is investigated by standard technigues

"involving longitudinal aerodynamic derivatives
A(iu, m,, m  and m ) and normally without taking

u
any account of the flexibility and/or unsteady
aerodynamic effects. A method has been outlined
in this appendix on how to satisfactorily deal -

with the short periaod oscillation characteristics

of a flexible aeroplane with proper account of
the unsteady aerodynamics. Conventional method
based on the use of stability derivatives for
investigating the shart period oscillation

~ characteristics is also described for a ready
. reference,

Development of the Proposed Method

In Appendix D, sinuscidal motion has been
assumed in the formulation of flutter determin-
ant on the basis of the argument that the

flutter speed marks the transition betueen

stable and unstable oscillatory motion so that
above the flutter speed the motion is divergent
and below that speed it is convergent. The
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Theodorsen expressions for 1ift and moment used
in Appendix D in the formulation of the flutter
determinant are essentially for aerofoil

oscillation of form eiwt. The expressions for

1ift and moment for non-harmonic oscillation

(convergent or divergent) of an aerofoil can

also be obtained if the Theodorsen function
- C(K) where k = Wb are properly evaluated

’ U

for k where K is a complex quantity. In flutter
problem & (or k) has been treated as a real
variable and now this & (or k) can be replaced
by a complex guantity A which implies the non-
harmonic aerofoil motion of form 97\t. Thus

since the generalisation of the Thecdorsen func-
tion C(A ) is possible, the stability determinant
involving A {where A = M+ iW) can be solved

for real and imaginary parts of A at a particular
chosen air speed. If the air speed chosen is
above the flutter speed the realpartAlof A will
turn out to be positive indicating divergent
oscillation. 0On the other hand if air speed
chosen is below the flutter speed, A which is a
measure of damping will turn out to be negative
indicating convergent oscillation. The imaginary
part w of A in both casss gives the respective
short period frequency.

E.l.1 Thé Theodorsen Circulaticon function for Generalised
Motion :

The Theodorsen circulation function C(K) for
generalised motion has been developed by Luke and
Dengler (Ref. 116). An extract from Luke and
Dengler's work is reproduced here.

In the treatment of aerbdynamic forces cn an
oscillating aerofoil, it is assumed that the
motion follows the lau eikt where t is the

time varibale and

ik = M4 W o (E.1.1.1)

Thus (3 gives the frequency of motion, whileAd
‘defines the rate of decay. Ifat<0 the motion
is convergent or stable; if a0, the motion
is divergent or unstable. UWhenm= 0, the motion
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is of constant amplitude and is said to be
neutrally stable.

To accamplish the derivation of the Theodorsen
function C(k) for general motion effectively,

let us consider the definition by Theodorsen
(Ref.58)

o . o ;
C(k) = X U dx X + 1 Udx
- 21 //// (, x2-1
| 1 1 .

eeo(E.1.1.2)

where it is supposed that

U=1Ue i[‘k(g - X) +q€}

O..(E‘lclog)

and that w » o. It is well known in the theory
of Bessel functions (Ref.132) that

oG
‘ _ -z coshy
Kn(z) - ( e coshnydy
o oo (El1.104)
which is valid if ]argzi<.1£ . This requires
' 2

that Re(z)> 0
Let, z = ik | ce.(E.1.1.5)

- Thus if Re(z) do, it fecllouws that m> o, so
that the motion is assumed to be divergent.

Combining egquations (E.1.1.2) to (E.1.1.5) with
the well known relation

. (% i ‘
Kn(z) - %; 1e( ) ni i Hn(q)(iz)

..;(Ei.l.s)
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It is readily deduced that

| (2)
C(k-) - H1 (k)

OIS RIS
...(E.i.l.?)

which is the generalised Theodorsen functicn
C(k). Although it is true that, in the devel-
opment of the equation (E.1.1.7) it was neces-
sary to require M)> o, equation (E.1.1.7) has
no such a restriction, and therefore, by the
method of analyticcontinuation, one can argue
that equation (E.1.1.7) is velid for all Als.

The Thecdorsen function defined in equation
(E.1.1.7) can be expressed as :

c(z) = H1(2)(Z) :
Hq(z)(z) . s Ho(z)(z) = F(e, e)f J.e‘(p, 0)
«..(E.1.1.8)
where
2= pet® - w-imu= ko epe, fol¢lL

ee.(E.1.1.9)

Thus if the motion is convergent, 0 {8 £ ,ﬁ;
: 2
if the motion is divergent - 31 £ 84 0.
2

However, if the motion is harmonic, @ = 0 and,
therefore, P = k. In this case, of course,
values of C(k) are well known. Since the in-
tention of this section is to study the aero-
dynamic system for non-harmonic motion, it is
important and necessary to know the valugs of
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C(z; for general z. Luke and Dengler (Ref.
116) tabulated C(z) for the following ranges
of P and ©

€ : 0(0.1)0.3(0.02)0.5(0.05)1.0(0.5)10.0

e : -50(50)30D

The Basic Equations oF Motion

The undisturbed aircraft motion is considered
to be level flight, at speed V , the x-axis

being directed forward, the y-axis in the star-
board spanwise direction and the z-axis verti-
cally downward. The origin is the intersection
of the flexural axis with the fuselage centre
line. In the mathematical mcdel, the two rigid
body modes heave and pitch are required to
define the aircraft short period motion assoc-
iated with elastic modes in the symmetric
motion.

If finite element representation of the structure
is adopted, then the general motion of the air-
craft can be assumed to be compounded of dis-
placements in the two rigid body modes and in
(n-2) independent natural vibrational modes of
the elastic structure whose shapes are defined
relative to the axis system. Thus for small per-
turbations, the displacements g. (i =1,2 --- n)
i

of the element at point yi'on the spanuise

station is given by

{3 op t)} -[#] {s <t>}

e..(E.1.2.1)

The last (n-2) ceclumns of the square matrix [}PJ
describe the natural mode shapes of the flexible
structure relative to the axis system while the
first two columns, correspond to the rigid-body
displacements.
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The equation

{d’j‘f [m] {CPJ} = myoee(6.1.2.2)

defines the generalised masses, M; (j =1,2 .. n)

~of the structural modes for which corresponding
generalised stiffnesses Kj (j = 1,2 ... n) are
defined by :

35 eeo(Ev1.2.3)

vhere QG are the natural frequencies of the air-

craft. The rigid-body modes are zero-frequency
structural modes (i.e. 6y =W, = 0) with zero

generalised stiffness (K1 = K, = 0). The

equations of motion may now be written in terms
of n x n matrices in a similar way like the
flutter determinant in sections .(D.6€) and
(D.6.1) of Appendix D, using generalised co-
ordinates {q}

[moz'}K J {q} _ {FE,,..(E.l.z.éf)

with D = d_ . The generalised forces {F} can
T dt

be derived for aerofoil motion of e-)\t type

where A = AL + it using the work done (by the

generalised force) concept described in section

D.4.2 of Appendix D, with appropriate modifi-

- cation of the Theodorsen function having the

complex reduced frequency parameter A . Finally,

for a chosen airspeed the stabilitz gquation

for oscillation of form g = Tge™° can be

written in the following matrix form

| [AZEP’I] + EKJ]’E}BA{: =[QF].'qfe?\t
; o .’..(E.'l.2.5)

The generalised air force matrix [QF] is primarily
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a function of A (and hence of At and w. ) when
an airspeed is already chosen. The stability
determinant based on equation (E.1.2.5) is

7\2““:(@ ¥ [K] - [-E!F]. =0
ve(E.1.2.5)

The solution of the determinantal equation
(E.1.2.6) is a general algebraic eigen value

“problem for which the QR Algorithm has proved

to be one of the most effective methods of
solution (see Ref.133). The matrix is first
transformed into an upper Heisenberg form;

i.e. a matrix of an upper triangular form with
one extra sloping line belouw the leading
diagonal. Then the calculation of the eigen values
can be effected by the use of standard scientific
subroutines developed by Numerical Algorithms
Groups. However, the real part of A\ gives the
short period damping A (unit: sec~1) and the
imaginary part gives the short period frequency
AR o (unit:rad/sec).

The Short Period Oscillation of the Rigid
Aircraft Using Stability Derivatives

The cenventional approach of a stability analyst
to study ihe short period oscillation of an air-
craft is by using its stability derivatives. 1In
this method the aircraft is generally considered
to be a rigid structure and therefore, the

distortion effects are totally neglected. Also,

'in the evaluation of aerodynamic derivatives,

the unsteady aerodynamic effects are not usually
considered.

Suppose an aircraft, initially in equilibrium,

is given a symmetric disturbance, e.g. due to a
sudden up-gust. The incidence of the aircraft
will change and the aircraft will start to

pitch. If the aircraft is stable, the angle of
incidence will soon return to its original value;
this movement is sometimes called the rapid
incidence adjustment of the whole aircraft. There
will alsc be a change in the aircraft foruard
speed, but this change will be small compared



with the changes in. the angles if incidence
and pitch. In the theory outlined in this sec-
tion, it is assumed that the aircraft speed

remains constant. The matter presented here is
mainly taken from Ref.,38 although the longit-
udinal motion of an aircraft following a small
perturbaticn in 'steady flight has been covered
in many other texts (Refs. 39-44). The notation
and the axes system used by Babister (Ref.38)
are consistently follouwed. The axes are fixed
in the aircraft and move with the aircraft. O0Ox
and 0z are in the plane of symmetry of the air-
craft, with 0z downwards and Oy is starboard
(see Ref.38).

Small disturbances from the steady trimmed recti-
iinear motion in the symmetric plane with no
bank, sideslip or yaw are considered. In steady
flight, the aircraft is moving forward with a
uniform velocity and with no angular rotation.
Let Uy and Wy be the velocity components of

the centre of gravity in steady flight in which
there is no sideslip and no velocity components
parallel to Oy. Let Ug + u, v, Wg + w Dbe the
velocity components of the centre of gravity in
the disturbed motion, with angular velocities

p, q, r about the axes 0Ox, Oy, 0z respectively.
If u, v, u, p, g and r are considered to be
small quantities of the first order compared with
Ug and also if terms of the second degrees and
higher are neglected, the equations of the leon--
gitudinal free motion in the symmetric plans

as derived by Babister (Ref.38) for the case
Wp = 0, Uy = V, where Vg is the flight speed in
the steady state can be written as (non-dimen-

sionalised derivatives involved are X X xq,

U’ ‘JJ,

Zyr Zys Zgr Mys My mw;»mq ) e

c>
1
P
c?>
1
X
©

. oo :
D - ow Do Ooxg 2 hg o
Moy 2

-

...(E.z.l)

o

—z 0+dd -z & - (1 ) dé =0

dr

d

+-Z_g..
M

'...(E.2.2)
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~m_ de =0 e (E.2.3)
9 gt
where
u = v )
v, eeo(E.2.4)
0 o= W «..(E.2.5)
UO»
deo A ~
m———— = = o 00 0206
= g = tg (e.2.6)
) A
/‘A/l = m = VO t 0..(Eo297)
PSlT lT

The non-dimensional aerocdynamic time T is given
by

T= _E_ .oo(EnZoS)
/.E .
where % = m = VGCL
PSUD 29 e e (EoZog)

In equation (E.2.9), m is the mass of the
aircraft, P is the density of air at sea level
and S is the wing area of the aircraft. Other
parameters involved are same as described in
Ref.38. ‘

Ihe pitching moment eguation (E.2.3) is some-
times writteninanalternative form.,
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Let,
' 1 : 1
o= My My =My By T Ty
B B B
. ml = m
q 4 v..(E.2.10)
lB .

where:

L D
0 ot - (k)
mlr o\l |
’ ces (E.2.11)

In equation (E.2.11), B is the pitching moment
of inertia about the aircraft centre of gravity,
m is the mass of the aircraft, lT is the distance

of the aerodynamic centre of the elesvon (tail-
plane in case of a tailed aeroplane) and kB is

the radius of gyration of the aircraft in pitch.
The equation (E.2.3) becomes on dividing by iB

_ / A ) A _ ‘ , A
Myomy U= Ay Qi - MMy oyosd®e
d 2
.-ITI’ de =0
89 9T veo(E.2.12)

The methed of derivations of the non-dimensional-

ised aerodynamlc’derlvatives Xyt Xy xq, Z,s Zyo

z m and ma which occurred in the

q’ "u’ m,?
equations of longitudinal symmetric motion are
given in Ref.38,

As mentioned before, for the short period
oscillation, the motion involves mainly pitching
motion with no change in forward speed. On the
basis of this assumption, it is quite legitimate
to assume that the change in forward speed of
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the aircraft can be neglscted for the short
- period mode as a result of which the terms
in £ in eguations (E.2.1) - {(E.2.3) and

(E.2.12) can be omitted so that the neu set
of equations becomes

b -z U - (1 +2z\ 4% -0
at v Zg ) °
Aq
ceo(E.2.13)
o J /\— / A A _.[/\_
/u1 me, fﬁ /u1 m, W+ E% mq g=20
dt dt
eeo(E.2.14)
where a = 6

dT

In the usual way of solving such a system of
linear differential equaticns with constant
coefficient, it is assumed that there is a
solution of the form

~ At N At
W = ‘o,] e Py q = PZ e
«e.(E.2.15)

where f‘:i, PZ and A are constants.

.Substituting eguation (E.2.15) in equations
(E.2.13) and (E.2.14) and eliminating 6% and

the characteristic egquation for A is given by

P

- M, méjh-/u,! m:; A-m

ee.(E.2.16)
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The characteristic equation given by the above
.determinantal equation (E.2.16) can be reduced
to the guadratic form

N+ BN+ C, = 0  ...(E.2.17)
Uhéré
-z + ' y
By = (Zu Mgk Mg omy oz m )

ooo(EoZolB)

: _ . ' Y |
C, = - ( A{1 My Zg My, = 7, mq)

-y

eee(E.2.19)
From equation (E.2.17) the solution of the

quadratic is given by

: . 2
7\=".8_]:;". 1\C,|-B1
2 4

... (E.2.20)

Thus if N

= - I‘_-_i-_ 1ls oco(EoZ.Zl)
T = 8_1_
2 vee(E.2.22)
2
RN I Bt
4 ' s (E.2.23)

T gives the measure of damping and s the
frequency of short period ogscillatien. The
reference time is the aerodynamic time ¢ in the
analysis.
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The period T in seconds is given by

X .
T = 27 ¢ eee(E.2.24)
s

and the frequency of oscillaticn in réd/sec is

Ws.p = ... (E.2.25)

d#lm

The time t, (in secs) to half amplitude is

‘given by

t. = loge 2
a T

>

v (E.2.26)

where % in equations (E.2.24 - E.2.26) which
relates the aerodynamic time to the actual time
is given by equation (E.2.9).
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APPENDIX F

APPLICATION OF THE POWER SPECTRAL DENSITY

METHOD FOR DYNAMIC RESPONSE OF FLEXIBLE

AEROPLANES TO CONTINUOUS RANDOM ATMOSPHERIC

TURBULENCE

The structural response of aeroplanes in con-
tinuous rough air has always been a matter of

concern. Pouwer spectral methods of analysis

are often applied in order to obtain a fre-
quency decomposition of the response. The
excitation and response can be described
statistically in this method by their spectra.

- The spectrum of the response is related to

that of the excitation through the appropriate
transfer function which is a property of the
aircraft, The spectrum of a random variable
is simply a statement of the distribution of
the square of the variable with frequency. A
transfer function is the output/input relation-
ship between the continuous harmonic response
of some chosen parameter, such as acceleration
and some form of continuous harmonic excitation
of which gust is an example. For an aircraft
responding to turbulence a typical transfer
function is & complex functien of fregquency,
indicating that the response is not in phase
with the excitation. The transfer function is
related to the frequency response function by
the fact that the former is the square of the

- modulus of the latter.

Many of the papers published in this field bavs
treated the aeroplane as rigid-body and in so
doing have dealt either only with the degree

-of freedom of vertical motion or with vertical

motion and pitch. On the basis of this rigid-
body assumption, externally applied forces,
such as air loads are put into equilibrium with
aerodynamic and inertial forces which arise as
a result of translational and rotational motion
of the aeroplane as a rigid-body and these
forces are considered to comprise the total
force system acting on the aeroplane. Dealing
with flexible aeroplanes this procedure leads
to errors in two ways (Rer.49). Deformation

of the structure may induce additional aero-
dynamic forces which affect the overall response

‘of the aeroplane. Furthermore, if the dynamic
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response is the direct result of rapidly applied
external forces such as atmospheric turbulence,
the aeroplane is not only caused toc translate
and rotate, but structural vibrations are also
induced. The latter have a significant effect
upon the internal stress distribution in the
structure and a somewhat lesser influence on
the overall response of the aeroplane. The
main interest in this Appendix is to study the
effect of aercelastic phenomena on the response
of the flexible aeroplane when it is subjected
to.continuous random atmospheric turbulence.
Thus the complete analysis of the motion re-
quires the application of rigid-body and elastic
dynamics, aerodynamics and the added excitation
of atmospheric turbulence. If the longitudinal
motion only is of interest the disturbed motion
will be symmetrical with respect to the long-
itudinal plane of symmetry. While passing
through the turbulence, the aircraft is assumed
to maintain a constant forward speed.

Basic Conbepts and Relationship in Pouwer

Spectral Analysis

The input-output relation of the power spectral
densities (PSDs) of an aircraft flying through
continuous random turbulence is governed by

the following well knouwn formula (Ref.49)

'\P(w), = 'IH(iw)'lz b @) ...(F.1.1)

where < (W) is the power spectral density (PSD)
of the input turbulence, Y (W) is the pouer

_spectral density (PSD) of the output response

and H(iw) is the transfer function (or mech-
anical admittance or frequency response function)
of the aircraft. As regards the analysis in
this thesis, VY (w) is the PSD function of the
normal  or angular acceleration at various
points on the aeroplane, < (W) is the PSD
function of the gust velocity experienced by

the aeroplane and H(iw) is the aeroplane normal
or angular acceleration response function for a
sinusoidal gust velocity input. H(iw) is de-
fined such that H(iw)el®Wt is the system response
to the sinusoidal input ei®t and is sometimes
called the mechanical admittance of the linear .
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system. Thus from equation (F.1l.1) it is seen
that the calculation of the response PSD

function to a random disturbance entails a
knowledge of the PSD of the forecing function

and the mechanical admittance of the system.

The relationship applies to stationary and ergodic
random functions as described in Ref.49. From

the property of the PSD function & (W) and

V (W) respectively satisfy the following
equations '

oc.
Ué - qu(m) dLg eee(Fol1.2)

c
— oc ‘
‘§2= pr(m) dw oo (F.1.3)

o
where UG is the mean square velocity of the gust

which constitute the turbulence and 'gﬁ- is the

mean square acceleration (normal or angular) of
points on the aircraft structure. Although in
a random response analysis following a power
spectral density approach, it is not possible
to calculate an explicit time history of re-
sponse of the aircraft, analysts are content
with the mean square values which are evaluated
from the area of the PSD curves. The present
study in this appendix as mentioned earlier is
primarily concerned with vertical gust velocity
inputs and acceleration- outputs at various
spanuise points on the wing.

The power spectral method is based on the Fbllouing
_assumptions:

(i) the turbulence isisotropic and the pouer

' spectrum of the turbulence is invariant
for all types and intensities of turb-
ulence and there is no spanuise variation

A(ii) the atmospheric turbulence is divided

: into patches, each with a particular
value, T of the r.m.s. of the vertical
4 G
gust velocity

(iii) the turbulence in each patch is considered
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to be of stationary Gaussian random
form.

(iv) the patches of the turbulence are long

, enough for the aircraft's response to
settle toc a steady state, in the sense
of the frequency response

(v) the equations of motion of the aircraft

in disturbed air are linear which permit
the definition of a transfer function.

Calculation of the Frequency Response Function

Frcm the Response to a Harmonic Gust

The Aefodynamic Forcses

The aerodynamic forces which arise on an aircraft-
following a disturbance.are of two types. The -
first type of forces results from ths motion

of the aircraft which do not depend directly on
the excitation but only on the response to it.
The other type of aerodynamic forces which arise
on the aircraft structure is due to the sxcit-
ation itself (qust or turbulence¥*) and which are
not in anyway related to the response of the air-
craft. The latter set of forces {excitation
forces) can be considered to be the forces on

the aircraft if it were exposed to the excitation
while being restrained against responding. The
tuo set of forces mentioned above can be sep-
arated under the linearity assumption which has
already been made in this thesis. The gener-
alised oscillatory aerocdynamic forces of the
aforementioned two types are separateély dealt

“with in the subsegquent two sections.

Generalised Forces Due to the Aircraft Motion

Forces\resulting from the motion of the aircraft
have already been considered in the Appendix D
where the flutter-stability determinant has been

*¥Gust and turbulence are often used synonymously
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formulated in the absence of any external
exciting forces. The generalised air force
coefficients have been derived in Sections
D.4.1 and D.4.2 of Appendix D for free
oscillatory motion of the wing using Theodorsen

expressions for 1ift and mement. The air force

matrix [QF] so derived in generslised co-
ordinates in Section B.4.2. of Appendix D will
hereafter be referred to as [QF&]' where the

suffix 'm' denotes that the forces arise solely
from the motion of the aircraft. The use of
normal modes and ‘the techniques employed to
obtain [OF ] are all explained in the
appropriate Sections of Appendix D.

Generalised Forces Due to a Harmonic Excitation

The aerodynamic forces arising on an aerofoil
while encoutering a harmonic excitation - a
sinusoidal gust in particular have been derived
by quite a number of research workers of which
Ref. 49 and Ref. 103 are typical. A sinusocidal
gust can be described physically by the real '
part of (see Ref.49)

| ey s
W (x - Ut) = 1 el""(tf u)_=uG gik (s-x)

v (F.2.1.2.1)

when the aerofoil as shoun in the sketch below
faces the air velocity U with an embedded gust
velocity distribution of U (UG4< U). It is

" assumed that the turbulence (gust) to be embed-

ded in the atmosphere in such a way that it

moves past the aerofoil at velocity U without any
appreciable change in Ug for any particular
particle during its encounter. This 1is expressed
in a way that Ug is a function of x and t in the
combination (x - Ut)
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L"_ .

An aerofoil encountsering a vertical qust W. (x-Ut)
o~

‘In equation (F.2.1.2.1)

k = Wb
. U
s = Ut
b
-~ = X
X b veo(Fu2.1.2.2)

Bisplinghoff et al (Ref.4%) have used Schuarz'
solution to obtain 1ift and moment per unit span
due to the above typed gust which are respectively

-
it

27 P Ub UG{ cik) Jg(k) - i 311(ki}

L iwt
C+13, (k)} e eeo(Fo2.1.2.3)

M=0b (3 +a)l ceo(Fu2.1.2.4)



- 148 -

where Jg, 31 are Bessel functions of first kind

with order zerc and one respect1vely; C(k) is
the Theodorsen function (discussed in Appendix

D); b is the semi-chord; ab is the distance
(aft) of the flexural axis from the mid-chord
point.  The l1ift due to the sinusoidal gust

acts at the quarter-chord point (by superp051tlon,
the same must be true for any other gust which

is a function of (x - Ut) only). In equations
(F.2.1.2.3) and (F.2.1.2.4) the upuward 1ift and
nose-up pitching moment are p031t1ve.

The generalised force Q(l) due to this gust

Correupondlng to the generallsod co- ordlnate
a; is found in a similar way like the generalised

 forces due to the motion of the wing as described
in Section D.4.2 of Appendix D by calculating the
work done OW. by the air forces in varying a; to

1
g; + §g; (the suffix 'e.f' in G indicates

‘excitation of external force)
S
Su; = §a; {L(y) h; (y) "+ m(y) o(i(y?} dy
0 ' '

ees(Fa2.1.2.5)

where hi(y) and J%(y) are orthogonal mode shapes

produced by the eigen value solution and S is the
semi-span

Equation (F.2.1.2,5) can be written as

S

iui _ {uy) hy(y) + M(y) a(iw)} dy
9

0 ‘ veo(F.2.1.2.6)

In matrix notation

Sy ;h<y> x(y] L(y)
893 = m(y)

0 oo (Fo2.1.2.7)
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( A
O f )
’ [
SQ1 J%- 4 3\
Su : : L(y)
J-_S—g "z 2 4 f dy =)0, f‘(2)
or . ¢
L q2 ? = ': \N(Y}J | ﬂ
hy oy
8”1‘ J B - Q i f‘(r)
- Be
| §a, ) O ‘ )
.'..(F.z.l,z.e)
where, S
Ye.r " = {L(y) hi (y) + my) o (y) } dy

o

...(F.2.l.2.9)

The 1ift L(y) and moment M(y) are given by
equations (F.2.1.2.3) and (F.2.1.2.4) wherein
the semichord (b) and the reduced freguency
parameter vary alcng the span of the wing. In
programming equation (F.2.1.2.9) the sign of
1ift L(y) is to be reversed to account for the
fact that the downward lift is positive for the
axis system chosen. This leads to changing the
sign for the pitching moment M(y) as well

- because in the axis system chosen the nose up
pitching moment is positive and in equation
(F.2.1.2.4) M has been expressed as a multiple
of L. Thus eguation (F.2.1.2.9) gives the

- generalised force Q f(ij due to the external

force corresponding to the generalised co-
ordinate q; -

Equations of Motion and Solution of the
Frequency Response Function

Following a similar approach to the formulation




- 150 -

of the flutter problem, the n Lagrangian
equations can be expressed as

[ 0]+ B B o o]
eeo(Fa2.2.1)

where [N] and [_S] are respectively, the
generalised mass and stiffness matrices, [?F#]
~is the square matrix with complex coefficient

of the generalised aerodynamic forces arising

from the motion of the aircraft and {Qe F} is

the column matrix of the generalised aerodynamic
forces with complex coefficients arising from
the sinusoidal gust as the external exciting force.

Equation (F.z.z.i) can be written as
‘-w’z EMJ + {s] - [urmﬂ{iﬂfi% _ {ﬁe.F}ei.wt
| ' . (F.2.2.2) B
. {'ﬁ} = | -w? ‘Lm] ; le- [urm] -1 f{'ﬁe.f}
| eoo(Fu2.2.3)

“where

J QOO(F‘.ZQZOZ!')

r = No. of modes considered
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Therefore, the freguency response functions of

the vertical displacement and pitching rotation
at a spanuise station y are respectively given

by :

Lar | .. (F.2.2.5)

o (F.2.2.6)

]
r\M
a)
N~
—
)
<
=

H(iu), Lo) - &)

il
-
0
o
S—
-
N
*-—l
Py
\<
-

CR L (Fu2.2.7)

- 1\’5& !l-—c((y):l o (F.2.2.8)

The Power Spectral Density (PSD) Representation

-of Atmospheric Turbulence

It is extremely difficult to construct an accur-

ate realistic model of the atmosphere because

the physical processes which generate atmos-
pheric turbulence are not completely understood.
Houever, the problem of air turbulence has been
studied theoretically by many research workers
and different approximate analytical expressions
for the pouer spectral density function have been
proposed. The agreement between measuredand
calculated PSD functions within the approximation



of the thsesory is usually good. 0Out of many
suggested analytical expressions for the PSD
functicns cf ones dimensional turbulsnce in an
isotropic qust field, there are two, namely

the Dryden Spectrum and the Yon Karman Spectrum
which have been universally accepted as the
statistical knouledge of atmosphcrlc burbu1ence.
Although the former is a simple algebraic
expression, the latter gives better agreement
with experimental data.

The PSD of the atmosphervc turbulence given by .
Dryden is

N2
950 @ -1,2 ff% 1403 C%%Q
]

e (F.3.1)

whereas the exposition of the theory of turbulence
by its PSD given by von Karman is

2
P @) - uG2 L 1+ 2.6667 (1.339%F)
Ty 5 13
- g WL Ti/e6

eeo(F.3.2)

‘ \ _ 2
~In equations (F.3.1) and (F.3.2), U, is the

mean square value of the gust velocity, L is
the scale of turbulence, U is the foruward
speed of the aircraft and (J) 1is the frequency
- in rad/sec. The distributions of these two
spectra for various scele lengths of turbulence
have been shown in Figs. 77-78.

Details about the Dryden and von Karman spectra.
and other relevant information like the selection

ofscale length of turbulence can all be found in
Ref. 125 where spectra of various scale lengths
are also discussed.
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The form of PSD functicns eof atmospheric tur-
bulence represented by equations (F.3.1) and
(F.3%.2) defines statistical quantities of

interest. The P5SD's defined are for the gust
velocities and their integration over the

entire range of frequencies gives .the mean square
value of the respective input qust velocity.

Summary of the PSD Method

The PSD method of finding the response of an
aircraft to atmospheric turbulence involves the
evaluation of the transfer function of the air-
craft and the knowledge of the input PSP so that
the output PSD can be found out in a straight
forward way as has been explained in earlier
sections of this Appendix. The fundamental
equation (F.l.1) which governs the input/ocutput
relation can be solved when the transfer
functions are known from equations (F.2.2.5-
F.2.2.8) and the input PSDs are given by
(F.3.1) and (F.3.2). The follecwing block
diagram summarizes the procedure

. 7
Input PSD, (w) | ansfer functioni™g o psp

H(iw) \P(“)

= WG| P ()
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APPENDIX G

THE RESPONSE OF FLEXIBLE AEROPLANES TO DISCRETE
GUSTS

Although the PSD method described in Appendix F
is widely used, gust analysts in British ind-
ustry have reservations about its suitability
under certain circumstances. As a possible
alternative to this method in the domain of
response analysis, research workers in Britain
use the 'Discrete Gust Method' emphasizing on
all its merits. When compared with the statis-
tical approach some of the response problems
are more adequately treated by the discrete
gust approach which accounts for non-Gaussian
distributions®* and at the same time incorporates
relevant spectral information (Refs. 88, 89,

94 and 95). In general, the discrete gust
method assumes a qust of a specific profile,
usually "one-minus-cosine", (smooth ramp gust)
which the aircraft is assumed to encounter. -
The length of the gust of a particular intensity
is varied to give the most critical aircraft
response either to a single gust or to a com-
bination of many. It is considered that dis-
crete gust is a rational representation of the
gust configuration and this appendix is devoted
to those aspects of the response problem which
depend on the important parameters like gust
intensity, gradient and its profile. The span-
wise distribution of non uniferm gust velecity
- may have important effects upon the aeroplane
response but is omitted and made beyond the
scope of this appendix. Analytical method

has been directed here towards the calculation
_of acceleration response (normal and angular)
of flexible aircraft subject to step qusts and
to single and pair of .smocth ramp gusts with
identification of critical response cases. The
response to a smooth ramp gust can be evaluated
from the response toc a unit step gust uwith the
use of some mathematical technicality. However

*W.5.Pi and C. Hwang have recently studied BSD of
non-Gaussion model for aircraft response analysis.
See AIAA Journal, VYol.l6, No. 7 July 1978,
pPp.541-642, o
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in all cases, the aircraft is represented
by a linear system.

It is worth mentioning a few points about the
two methods of gust respcnse analysis, namely,
the PSD and Discrete Gust methods which are in
common use throughout aircraft industry and
research institutions. The author thinks that
although gusts do occur that are so different
from the surrounding continucus turbulence that
they can be considered to be isolated discrete
events, there can be little doubt that a model
of atmospheric turbulence as a centinuous
random process is very close to reality.
However, the author does think that the discrete
gust method, by incorporating the variation of

~intensity with gradient distance, can equally

include the correct scaling with respectto
wavelength, and the choice betuween the tuwc
approaches probably rests on more fundamental

issues (Ref.94). '

ARlthough the discrete aporoach can only handle

gusts of a particular shape, clearly it is
possible to calculate the full dynamic response
of a flexible aircraft to the discrete gusts
vhich usually consider a number of gust shapes
(ramp, sin-cosine etc) of various lengths and
seek a "worst" gust for the particular fliaght
condition. From a practical point of view in
some instances, it is possible to find cases
where isclated discrete gusts stand out in a
clearly identifiable manner and there should:
not persist a reluctance to dispense with a
discrete gust model as a means of representing
an atmospheric disturbance. :

Response to a Unit Sten

Mitchell (Ref.86) has introduced a Fourier
transform method to find the response of a
flexible aircraft to a unit step and thus avoided
the direct evaluation of the Kissner functions.
If the transfer function {or the freguency re-
sponse) of the aeroplane is known Bromwich's
integral formula (Refs.49 and 132) provides an
explicit formula for calculating the response
to unit step which is also known as indicial
admittance of the aeroplane. The theary pres-
ented here is by and large taken from Ref. 49.



Let us consider a gust with a velocity history

w(t)

]
o}
-
o
N\
o

| W (t)
1(t)

W(t).

I
|
ot
v
o

0 t
Unit step qust'velocity

.. (G.1.1)

The Fourier transform of this is

U - T8 + -5 o (6.1.2)

where & (®W) is the Dirac delta function which
does not pose a problem in the case of the .
transfer function for acceleration which tends
to zero as W tends to-zero and the transform
response does not become infinite at )= 0.

Now if Hr(i&» is the transfer function (admit-

tance function) of the aeroplane then the
indicial admittance (response to a unit step)
is given by

()= +eC
A_(t) = 1 .
T g Hrglh» it
il
We -0

ee.(G.1.3)

where the path of integration makes an infin-
itesimal lcop below the origin. As it is seen
from the above equaticn that the integrand has
a pole at the origin i.e. uhen W= 0, the
integrand is infinite and unless Hr(o) = 0,
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the integral will not converge. In dealing
with the transfer function of acceleration which
tends toc zero as  tends to zero, the integral

becomss zero and so the response to unit step.
given by equation (G.1.3) can be evaluated =
without any difficulty in integration. However
equation (G.1.3) can be uwritten in the following
form v

Ar(t) - Hr(o) o iwt gy 1
o iw 27t
W= - w= -

Hr(»iw) - Hr(o)J T

iw
e.o(G.1.4)

It can be shown thét by applying residue theor-
~em (Ref.489) that : -

W= +o<
1 _—
o ™% dw =1 (t)
. iw . ooo(Gnl.’S)
L= ~oc

Equation (G.1.4) with tHe help of equation
(6.1.5) .reduces to - '



C= +OG .

A
AI‘(t) = Hr(o) 1 (t) +2‘% s Hr(iw)'--Hr(o) 10t 4,
w:

iw
-

ees(G.1.6)

%e mak?'the following substitution in equation
G.1.6 ’ -

e“”t = cos wt + i sin wt ~
- eee(G.1.7)

G0 = 1) ¢ e (6.1.8)

so that equation (G.1l.6) becomes

, ' W= +065
Ap(8) = Rple) 2 (8) + 1 [Rr(w) - R_(o0)
)

sinwt

o= - 6%
W= + oo

+ I(w) Coswﬂd_od - i [Rr(w)-Rr(o)

w 27 —

X

W= =G

cos f*)t - Ir(w) sin wt] dw
. : W . :

...(»G.l.9)

where the assumption I?(D) = 0 requires merely

that when the forcing function is statically
applied the lag is zero which is a valid assump-.
tion in aerocelastic systems.
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Because A_(t) is real, the last term in equation

(G.1.9 .must»vanish.( Moreover, we knouw .(see
"Ref.49 ' '

W= + o5

w

-sin Wt du):}l for t.7 0
=T for t¢ O

W= -
OOQ(G.l.'lD)

The equation (G.1.9) finélly becomes

. -
A_(t) = (0)+%__§[

) sin wt

+ lr(&) cos wt dw
W eee(G.1.11)
The eguation (G.1.11) provides an explicit
formula for computing the indicial admittance
Ar(t) if the real and imaginary parts of the

mechanical admittance functions are knoun.

The equaticn (G:l.11) can be reduced toc a

Smeler form by putting the conditions that

R (W) is an even function so that R ( W =R (uﬁ,

“and Irao) is an odd function so that Ir( Uﬂ = -

I_(W). These conditions are generally satisfied
in aeroelastic systems so that we obtain from
equation (G.1. ll)

+ Ir(“’)_ cos w’q dw oo (G.1.12)



- 160 -

Since Hr(&» and I_(W) are most of the time not
available in explicit function form but are
available as plotted curves, the summation
form of equation {G.1.12) is more useful for
practical application and computational pro-
cedure: : : '

A (t) =1 2 f 1 JR_(nw)sin nw_ t
e > RL (o) + T 2?- = [_L .0 0
A n = 1,3,5,

+ Ir(m,oo) cos nwo—t] .'..(G.‘l.lS)

The frequency (3. is afbitrarily selected s0o ae
to obtain satis?actory convergence. The crit-
erion for convergence is that Ri(nu%) and

Ir(nmo) approach zero for large values of n.

When the indicial admittance has been obtained
the response to an arbitrary disturbance can be

- computed by application of Duhamel's integral.

Resoonse to Smooth Ramp Gusts

If the response F(t) of an aircraft (may be
displacement or acceleration) flying at a
certain speed to a unit step is knoun, the
response to a family of ramp gusts and the
critical gust length at which the extreme re-

. sponse occurs can be found out. The problem

has been treated by Purcell (Ref.96) fairly
recently as a mathematical and computational
exercise. The computer program developed by

‘Purcell (Ref.96) has been extensively used in

this thesis to calculate the uworst respcnse
cases due to a single and pair of smooth ramp
(one-minus-cosine) gusts. A portion of the

theory (Ref.96) based on which Purcell wrote
‘his program is presented here to give an insight

to what has really been done.

A single smooth ramp (one-minus-cosine) gust
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velobity can be mathematically répresented
by (Refs.94-96)

Wix) =21 U 1 - cos T x )
2 ( ~TH

eee(G.2.1)

- .g—-' ) .
where UH = LJQH~s , W being the gust strength

“parameter (Ref.94). The sketch below shous

the above gust

W(x)

Single Smooth Ramp Gust

Firstly, the problem is to detérmine a gust _,

length i which causes the worst response, 7

and then to extend it to deduce the most adverse
gust pair. The problem with some cemplicating
feature is basically one of numerical integration
and interpolaticn.

‘Consideration of the Theory

The theory developed by Purcell (Ref.96) is
briefly recapitulated to show houw the respense

-to a smooth ramp gust can be esvaluated from the’

knowledge of the response to a step input.

Let the step response be F(t) and the ramp re-
sponse be (Hyt). The calculation of ¢&
essentially involves the numerical integration

of F(t). Strictly speaking F(t) should be F(V,t)
where V is the aircraft velocity. However, it

is customary to regard the aircraft velocity

as constant during an encounter with turbulence.
(It is difficult to determine ¢ and hence 7(H)*

* Y(H) is the maximum response corresponding to
the gust length H.
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at different speeds and no attempt appears to-
have been made by anyone to date).

=

//// _ As shown in the adjoining
7 ] . sketch, a ramp gust can
‘ be thought of as a series
8U2 of n step gusts. Thus
it is necessary to com-
¥ . / " bine n step responses,
/ 5 each scaled and approp-
‘/// Wy riately time shifted.
The linearity assumption

Su-

~ is essential if the
means of combination is simple addition. The
response at time t' will be given by (Ref.96).

| , |
b (H,t1) = Z Su, F(t' - T})
i=1

eeo(G.2.1.1)

where n &t = ’(i =i8t ;3 =min (n,t'/ &%)

<|T
“-e

letting ét-+0
. H
m%n(t', V)

P (H,t') = ( du

B 3 gt | F&&' -7T) dT
T ' )
0 «..(G.2.1.2)
Making the transformation t = t' -T in

equation (G.2.1.2)

.. . |
¢(H,vt') = J du lt,_t F(t) dt

dt
max(o,t'-%)

er.(G.2.1.3)
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The limits reflect the assumption that dw = O
' dt
when t<€ o or t >H/U

Expressing equation (G.2.1) as a function of
time and setting the gust strength parameter,

UO =1 we get,

4
W) = H3 (1 - cos Tigt )

_J__A
2
ee.(G.2.1.4)

Using equation (G.2.1.4) in equation (G.2.1.3)
we obtain - , '

t'

PH,e) - 1 L | sin By (8'-t) F(8) dt
H® H

H
max(o,t'—v)

ee.(G.2.1.5)

Theré is no difficulty in interpolation to find
ty at which the maximum response 7 (H) occurs

because @52_ for the smooth ramp (one-minus-
o 2t - _

cosine) gust as seen from the above equation

is everyuhere smooth ‘

3?5, 2 ¢ : 9F)
= 573 cos TV (&' - t)F(t) dt
ot 2HY B

| ve.(G.2.1.6)

Instead of evaluating the above integral Purcell
(Ref.96) elected to fit a cubic spline through
@ (t) and to interpolate the required extrema
from it having located the maximum and minimum
tabulated points by inspection.



What Pu;cell'b program (Ref. 96) calculates can
be summarised as follous.

(i) the peak responses corresponding to the
maximum positive and negative values of the -
response and the trial gust lengths at which
these peaks occur: the primary peak cof (t)
and the largest overswing are determined for each
trial value of H supplied by the user. The
basic procedure in the program is to search the
set of 95(t) for the largest positive and neg-
ative values and to then interpolate < (H) and
ty using d¢’. Then it seeks the extreme’

“dt
positive and negative responses QZ(H) and

T[(H) respectively.

(ii) the program then evaluates the most
adverse gust pair situation one is acting in
the opposite direction of the other and the
corresponding time and maximum response and
their distance of separaticn:having calculated

14_, E;, ﬁ;, ﬁ_, E_, and H_, the primary

peak with the larger of 5 and - is identi-
~ 7. A

. fied. The maximum possible ‘response is then

+.,7_l occur;ing at €+ or EI whichever

is the later., If for clarity it is assumed
D E+' then as explained in Ref.96 the worst
gust pair is a ramp gust of length H_ followed

by one of opposite sign of length M separated
+
by HS where

Ho=Vv (% - %) - H

The situation is explainéd in the follouwing sketch

e 7 e
I e i A
Critical Gust Pair: the extreme response 1is

3+

+

Y ‘ ;7 Gust Strength Parameter UO =1




(iii) +the program calculates the gust length
sensitivity ( A) defined by Jones ?Ref.94)
which is a measure of sharpness of the peak

in 7 (H): the gust sensitivity A at the
tuned gqust length ;7 defined by Jones is given

H
by

Nl

AL 1 2; Y(H) - ')'(2ﬁ)-..‘)'(ﬁ/2)
log 2 2 70 7 (H)

..;(G.2.1.7)

. In all the above cases the program calculates
the response characteristics for a unit value
of the gust strength parameter UO and because

of the linearity assumption, the response to
various gust intensities (and hence for various
gust strength parameters) can be evaluated by
simply- multiplying the response obtained
from Purcell's program by the appropriate value
of the gust strength parameter UO.
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APPENDIX H

GROUND RESUNANCE TEST ON THE KESTREL

The author combined his efforts with those of
the British Aerospace personnel who were asked
by the CAA (Airworthiness Division) to carry
cut a ground resonance test on the Kestrel for
a successful solution.-of its flutter problem.
The test is necessary to substantiate theor-
etical calculations of the static effectiveness
and the flutter characteristics of the wing.
The main objective is thus to measure wing
bending and torsional Frequen01es and mode
shapes for the purpose of verifying the structural
data used in the theoretical calculations.

The instability of the Kestrel wing has been
found to be due to the coupling between the
fundamental wing bending and fundamental torsion
modes (see Chapter 4). Therefore, particular
efforts have been made to establish these two
modes. The details of the ground resonance

test can be found in BAC Report Ne. BAe/D/SLY/2.
The fundamental bending and torsional frequen-
cies are reported in Table 45 together u1th the
theoretical results us1ng PAFEC.
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APPENDIX I

USE OF PAFEC IN EVALUATING NATURAL FREQUENCIES

- AND MODE SHAPES :

The program for automatic finite element calcu-

‘lation (PAFEC) developed by Nottingham University

has been used in this thesis for evaluation of
natural frequencies and mode shapes of the
Ricochet and the Kestrel sailplanes. Details

of the package can be found in Ref.120. Only

a brief description of the calculation proce-
dure of the eigen value problem is outlined here.
Beam and lumped mass elements have been used to
idealise the saiiplane structures. After the
master mass and stiffness matrices LM] and [K]
are respectively assembled from the elemental
matrices, one_of the subroutines used in PAFEC,
factorizes [M]| using Choleski decomposition to
give [L] where [L JT{ L] = [M]. Then the matrix

- 1T AR
[LT" " [KI[L)' is formed and eigen values are
found using the Householder tridiagonalisation.
After the eigen values and eigen vectors are
determined, one of the PAFEC routines carries
out a transformation and normalisation so that

{xi‘g [Ml{xjs = 1 for i= jando for i £ j.

. The process is dependent upon the mass matrix

[N]being positive definite which is zaluays a
case for physical systems. Full details ef

the process and its limitations are given in
Ref.133.



APBENDIX 3

J.0 COUPLED BENDING AND TORSIONAL VIBRATION OF A
UNIFORM SWEPT WING IN SYMMETRIC MOTION WITH A
FUSELAGE INERTIA

The free vibrational equations of motion of a
uniform swept wing with
, a fuselage inertia are
-Starboard derived in this

appendix as follous:

C.G. of the
‘aircraft

Flexural. axis

~_ A(////’// intersection

- System of
axis

Sketch 1
In the above sketch
e = Angle of sweep

- Distance of the aircraft C.G. from the
flexural axis and fuselage centre line
intersection (i.e. the origin) :

x{
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Rigid-body vertical displacemant of
the flexural axis intersection of the
wing root

Rigid-body rotation (ncsa-up)

Bending rigidity of the uniform wing
Torsional rigidity of the uniform wing

Length of the uniform wing along its
flexural axis

One half mass of thelfuselage

One half mass moment of inertia
of fuselage

Mass per unit length of the wing

Mass moment of inertia per unit length
of the wing

The force and moment balance at the flexural
axis intersection of the wing root is shoun
below in Sketch 2.

& force
»>» Moment or Torque
¥ Angular Rotation

] of . - '\‘:G,O -
é;:\ﬁ$k\3¥L
Sketch 2

R

(] R’is the angular rotation at the wing root

corresponding to the torque T, acting along the
R g

direction of the flexural axis. qu is the

angular rotation and MR is the moment both



acting in a directicn perpendicular to the
flexural axis. FR is the vertical force at the

root and 90 is the nose up pitching rotation
whereas AU is the rolling rotation. It can be

shown that the following relation holds

To = - (%; k, 1 tankzl)oR
oo (3.2)

where

, / I
K. 1 =1 ~2 -
2 ) GJ .'00(302)

where, ) is the-natural frequency of vibration

Also,
F | .
- _E_I_ (k’ll) X
0 1 (lfcoshk1lcosk1l)

—
-(coshk,1lsink,1

L T - (sinhk,lsink,1)
+ cosk,l + lsinhk.1) :
1 1 1
» 1
' -(sinhkqlsink1l) (sinhk1lcosk11
kql - coshk,1lsink,1)
2
a (k1l)‘ _
AR

uﬁR e..(3.3)



wher

Equa
form

wher
func

o

12

22

Nou

Yg_
the

forc

© i
1
kol = 0% (é%)4
«..(3.4)
tion (3.3) can be written in a simplified

_ g ‘-f11 1742 Z,
1 L 12,
1f 126, 1
12 22 | (P,
.'.(3.5)

e F11, F12 and F22 are non dimensional
tions of k1l given by

- (k,1)” (coshk

1 1 1

lsink,1 + cqsk‘lsinhk1l)//

(1 + coshk1lcosk1l) Ce..(3.6)

- (k 1)2 sinhk,lsink,1 /(1 + coshk,lcosk,1)
1 1 1 1 1

eeel(je7)

= (k1) (sinhk1lcosk1l - coshk1lsink1la//

(1 + coshk lcoskql)

1 ... (5.8)

if 90 is the nose up pifching rotation and
is the rolling rotation at the root, then

fcllowing relationships hold (see the
e diagram shown in Sketch 2)
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B =9, cosd ... (3.9)
P, = -0, sind o ... (3.10)

B = v, osing | ....(J‘.J;l)
bo = % cose | | .. (3.12)

Referring to the same force diagram in Sketch 2.
The pitching moment applied to the wing

The rolling moment applied to the wing

= Tp sind + My cosd ee.(J3.14)

Now from the Sketch ishoun previously =

Zp =25+ X B, ...(3.15)

The upyard force applied to the fuselage is
= Mo o) 'Zo and the nose-up moment applied to

the fuselage about the C.G. is —'IFuJZ (30 so

‘that the moment about the wing-flexural axis
intersection with fuselage centre line is

- w? (If 0, - QmFZO). Therefore, the total

force applied vertically and the total nose-up
pitching moment applied at the wing-flexural
axis intersection are resspectively given by

2 ) |
Fr = - mpwZ, + Fp e..(3.16)



Mr = o (1.0, - % meZ,) + Tpeosd - Mgsin

...(3.17)

With the use of equation (3J.1), (3.5) and (3.9),
equations (J.16) and (3.17) become

' 2 - - 2 ; A Nl
‘ FT,=("me + g% f11)LR + [(mfxco - 1EI r12m)51n%}95
1 v 1
.I'(J.lB)
and
M. = (W> X m. - EL f sing)Z
T f = 12 R
1
TNl _ 2 2
+(—If@ - mo > o - GIkycos'(tank,l
2 . 2 ‘ ‘
+ 17 f,,8in%L ) 90 e..(3.19)
In the free vibrational condition F,. = 0 and
MT = 0 so that the following ratios R1 and R2 can
be derived from equations (J.18) and J.19).

. ) . — A\ 2
R1 - [ I 81IW1A131n A1 + X Tﬁ (l+cosh}~.1‘:osz\1ih1
x0T ' A0 '

o ] . me'.i
(coshh1s;nA1+31nhATCosA1)?\1+7\1 i

(l+coshh1€OSR1) .

..;(3.20)



and
(coshh, sins inha, cosA, ) N2y
- CO‘J, 1$1n/\1’ - Sin I\,ICOCJ 1 + “PC"‘
. : 8—3-3 2
(1 + coshh1coskﬂ (EI cot ' tann,
, v
* [E.E(..L) + .{f. Z}x'
‘m X muX A4
o 7 3 : .
R. = “R A, (1 + cosha,cosa,)
2 X0 = 1 1. i ,
o o _ - , ]
A, (sinha,sinA )+ [ X V(M) A 3(l+coshh x
1 1 1 wwitell 1 1
S u .
coshq)
ees(3.21)
yhere Aﬁ = k1l
. 7\2 = kzl
X = 1lsind
m = ml = mass of the wing
ee.(3.22)

The values of the ratios R1 and R2 in eguations
(3.20) and (3.21) are plotted against the fre- -
quency ) and their intersections.yield the- '
natural fregquencies of coupled vibration. ,
Equations (J3.20) and (J3.21) are both coupled
by X ( = lsin«& ) so that the substitution of
the swueep angled = 0 in equations (J.18-3.21)
leads to the uncoupled mctions of the bending
and torsional vibration of the uniform wing.

The frequenciss and mode shapes were determined

for a uniform wing with a fuselage mass 'using

the analytical equations (J.20) and (3.21). The
finite element package PAFEC was then used to
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to compare the results. An excellent agreement
was found between the tuo sets of results.



K.O

. INERTIA PROPERTIES OF THE PILOT

- 176 -

 APPENDIX K

'In the case of sailplane structures, the pilot

inertia plays an important role in aeroelastic
calculations because the weight and moment of
inertia of the pilot are significant fractions
of those of the complete aeroplane. Moreover,
it has been observed in Chapter 5 that the
flutter speed is dependent on the pitching mom-
ent of inertia and is quite sensitive to it (see
Fig. 64). The mass moment of inertia values of
a pilot could not be traced in the existing
literature, In this appendix, the calculated
values of the mass moment of inertia of a pilot
about the three perpendicular set of axes pas-
sing through his C.G., are provided. Fig.l32
shows the standard dimensions of an average air-
man* referred to and taken from the Av.P 970
(Ref.135) whereas Fig 1 describes his sitting
position. The individual parts of the pilot
body have been idealised to be of cylindrical
sections. ~ .

Contributions of varicus parts to the moment of
inertias about the three axes passing through
the pilot's C.G. are reported in Table 46. ?The
aircraft axes being parallel to this set),
Table 47 summarises the final results cf the
calculation. The data for the heavy and light
pilot shown in Table 47 have been derived by
scaling from those of the medium pilot.

¥  The author wishes to draw attention to ﬁhe
fact that dimensions in Fig.132 are in Imperial
units.
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APPENDIX L

BACKGROUND 70 COMPUTER PROGRAM DEVELDPMENT

Four major programs have been developed during
the course of this thesis. Houever, there are

a number of subroutines which are common to

all the programs. Use has been made of existing
programs available from other sources and this
is noted where appropriate. The four computer
programs mentioned above accomplish the

‘following tasks:

(i) evaluates flutter speed and aeroelastic
modes at flutter speed of an aircraft wing using
normal modes of vibration

(ii) investigates the short period‘oscillation

characteristics of a flexible aeroplane

>(iii) calculates the acceleration response of

a flexible aeroplane to continuous random atmos-
pheric turbulence using statistical method and
transfer function approach.

(iv) determines the acceleration responee cf a
flexible aeroplane to a unit step gust velocity
and feeds the output into Purcell's program
(Ref.96) to derive the worst response cases for
smooth ramp (one-minus-cosine) gusts.

Houwever, before running any of the programs
mentioned above, PAFEC is first used to obtain
the natural frequencies, mode shapes and the
generalised mass and stiffness matrices. There
are tuc minor programs used with subfile names

- JRB1 and JRB2 each requiring PAFEC to prepars
data for any of the four aeroelastic calculations.

The data are first written on magnetic tapes
and are finally transferred onto a MAXIMOP file
(in the subfile name DAT2) so that each of the
aercelastic programs can operate independently
of PAFEC. The first of the two minor programs
JRB1 requires the PAFEC data (printed in the
subfile name DAT1l) for preliminary organisation
and set up of the system whereas the second one
prepares the relevant information for the sub-
sequent aeroelastic calculations. The listing
of the program and data subfiles JRB1l, DATL and
JRB2 follous.
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L.0.1 'Listing of the Program Subfile JRB1

LIBRARY (PAFEC36234)

LIBRARY (COMpP) .
PROGRAM(pSGE) '
USE 4=MYo/UNFORMATTEDCINBUTMEDTAPEY Y
USE 3=MT1/UNFORMATTED(BANERJEE 1/

INPUT S=zcRO .
QUTPUT g2lLPp
CSQPRESS INTEGER AND LOGICAL
E
MASTER INPUT DATA _
Q!tﬁngénu03L§ST(500),CPnaC(13e8),5(1)a9L0(1).8(135:AH(133104i37
CALL 8000¢nLIST S, PD B p,0,0,0
ENDFILE 4
REWIND 4
: READ(S:10) 11.J4,KK, 140
i0 FORMAT(4IY)
pQ 20 Izq.11
20 READ(39152 a(I),aH(1),C¢1)
§5 FORMAT(2F0,0) '
pO 25 I=1,11
ARCIY=AN L) /BT
@5 ClI)=Cly)/6¢i)
WRITECSY 11,0471
WRITECEY (CpodbCT)
ENDFILE 3
REWIND 7
§TOP
END
SUBROUTINE EXIT.
sTOp
CEND
FINISH

140 .
2),.1=9,11), 8¢AH;C

o



" L.0.2 Listing of the Data Subfile DAT1

VIBRATION Of TAIILES& AXRPRAFT" s YMMETRIC CASE
1 13 38 38 38 8 38

#1,732 7,503 4 2 3
=4,524 6,602 : & 5 6
1,386 6,002 7 8 9
=1,247 5,402 | 10 11 12
=1,109 4,882 . 13 14 45
=(),97 4,209 ' % 17 48
0,831 3.601 , o fo . 20 21
v0,693 3,001 22 23 24
»0,554 2,401 » - €5 26 27
m0,416 9,805 - : 28 29 30
n0,277 1.200 34 32 33
=0.,139 0,600 56 35 36
0,000 0,000 ' o 37 0 38
34000 12
9 2 1.0 2720,0
0,6826F $10,2240E §0,483168E=4 , 216663E=4 173813E<2
2 3 1.0 - 2720,0 '
0,4826€ 110,222VE 10,800380€E=4 ,3012796=4_,202128E~2
3 4 o100 _ 2720.0
0.6826EF 110.2247E 10,105275E=5 (379422Ew4 297919E~2
0,6826E 110 2214€ 10,139034E=5 ,669862E=4 234L992F-2
5 1.0 ' - 2720,0 :
0,6826E 110 2139= 40,185937EmS 562449Ers 248709F.2
6 7 1,0 2720.0
0,6826€ 110,3894E 10,271488E=5 \509975E=4,201423E~2
7 8 1,0 2720,0
0,6824E 110,4020E 10 31250REn5s 595098E~4 215385€-2
8 9 5,0 2720,0
0,6826E 110,495%E 10,377603E=5 .52>3sff 4L, 239749Ex2
9 90 1,0 2720.,0
0,6824E 110,4218E 10,4206520E=5 ,531342E=4 257386F-2
10 91 1,0 2720, a
0,68268 110,4251E8 10,476280E=5 ,540426E ,2783015*2
11 12 1.0 2720.0 ,
0,6826E 110,4273E 10,558351E=5 .553?185"‘_311885E~2
12 12 1.0 2720,
0,6826E 110,4289E §0,632986E-5 v 56ﬁ764E,/'34§4923_2
30200 1
3 1 89,9 7,135 250,00 31.000
-0,568 ~0,05

1% 6 11 1
0,250 9,040 0.0
0,285 0.005 0,0

0,308 -0,013 9.0
0,331 =0,041 0 0
0,555 =0,065 0.0
0,365 -0.075 0.0
0.365 =0,075 0,0
Q0,365 =0,075 0,0
0,363 -0,075 0.0
0,365 “0,075 0,0
0,365 =0, 075 0,0

0.365 90.075 Q.0
0,365 =0,075 0,0



L.G.3 Listina of the Proqram Subfile JRB2

LIBRARY (pAFEC36234%)

LIBRARY (£ 0Hp)

PROGRAM{DIUE)

INPUT 5=cF0
QUTPUT 6=LP0 ,

uUsk 3=My1/UNFORMATTED(BANFRJEE Y/

USE 4zMyn/UNFORMATTERC(INPUTHEDTARE)/

COMERESS INYEGER AHND LOGICAL

ND ' ‘

ﬁnsTER TalL.LESS AIRCRAEFT :

DIMENSTION oLxsT(500>,cpnnC(13i8).S<38c393ePL0(1.6):2(38,38>.0M(38;
138).81(38c39)gw1(58,38),QMEGA(SS)'AHODE€33138))WZ<38:38)r32(38!38)
2,CHECK(13413) - .

EQUIVALENCE (AMQD:(1,1>,2(1,1)>,<&(q,1>.u1(1,1)3.(DM<%:1).w§(1.q))

READ(3) 1i¢Jd¢KK, g "

READ (3)
1d3=44
READ(4) DLIsT.CPDPC,5C1,1)
REWIND £
1P = DL1SgT(22)40,1
CALL R34000(DLISTIS,LPDONCPLOIP)
CALL R50200¢DLISTES,CPONCIPLOZIR)
CALL RIB720(DLISTEIP,IDF,ILO, IV TN TD/IX)
{DF1=10r+} "
CALL MATCOP(S178,10¢,1D0g1)
K:s
CALL R114120¢s1¢S2¢1D,IDF, IV, IM)
WRITE(3)Y €Lg1¢3wyy3wd)otat i1 d=tetl)
BACKSPACE §
READ (3) CHECK
WRITE(S, 102 ((CHgCK(;,J).J=1.II).I=1,11)
10 FORMAT (7F15,3)
CALL R62000¢(DLIST,S,cPPpr,PLO, IR, DM, 7D
TFREQ=DLIST(363-0,%
po 1 1Cr=1 ,143
[Ch=1FREQ*YICT
OMEGA(ICcT)=plLIST(IC4)
[=ic1
p0O 1 J=4,1DF
4 AMODE(J, 1CI)=S¢Icl Jd) |
CALL ENA?P&(AMODE!XDF;&JS;K)
CALL EMAYPR(OMEGA(IJ3,0,K)
CALL MATMUL(U17¥S1AHODE,JOF, IDF
cALL MATMUL (W2 S2¢AMODE,10F,IDF
CALL TRANS(S2¢AMOPE,Id3,1DF)
CALL MATMUL(S17S2eW1 13, 10F, 143
CALL MATHMUL(WI ¢S2¢W2,103,1DF,1J3)
WRITE(H,100) '
100 FORMATCn?H DIAGONAL STIFFNESS MATRIXe/ /1)
CALL EMATPR(ST (143,103 ¢%)
WRITE {6,109)
$01  FORMAT(21H DIAGONAL MASS MATRIX.///)
CALL EMAYPR(UWITIUS1I31K)
wRITE () (OMEGA(I)01=!JG11J3)1((31(!*IJZ*(J-?),%);I:iJﬂ,lJS)u
34=140 10307 U (4T 3% =1, 158001930 0 d=1d0,143)
3((Am008<3*!~2,J);;=1;II).J=IJO:}J3>;(ﬁtAMODE(S*i.J>,
Lyl 1121) PAMODE (38,00 e y=1d 0. 10D
WRITEC3) (CAMODECT ) s 151,38),J=1,8)
ENDFILE 3
pEWIND 3
sYOP
END

143
3y
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SUBROUTINE gXIT

sTOpP

END

SUBROUTINE R36200CDLIST, SeCPOUDC,PLO,IP)

DIMENSION DLIST(10003,5¢9),cpbDCCIP, 1’:PL0(1):SF(6171;1EPA(‘),IQG(
16Y)DCACZ,3)
CALLR18?00(DL
CALL R18710¢(D
pO 1 IC=d 6
10G6¢IC)=1C

p0 100 1¢=1,1L

IDE=6

CALL R18z31(DLIST IERPA, XYZH, XX, vv:zz,xy yz,vZ,Ex,Ey £7)
WRITEC(H,99) TEPALKYZH: XN, YY, 2Z %Y e X2 YZ,EX EVeE2Z

FORHAT(15:1510 579E10,3%)

DLIST(87)% DLIST(Rf)+szu

CALL UNITC(DCAL3)

1NE=1

CALL NULL{SE,IDE,7)

SE(1[2):SE‘2:3):SE(3,6) = XYZIM

SECL, D) uX X+t YIM* (EY*EY+EZYEZ)

SE(S )6l avYexYZMn(EZREZ+EYYEY) -

SE(H,;7) = Zl*xYZH*(&Y*rY+rx*Ex)

SE(4r6) s-XY

SE(4,7)=~K2Z

SE{S5,T)=-Y2

SECT 7)) ==EYaxY2ZN

SE(2, ?>~rxvxvzm

SEC1,0) =pZuyyYZi

SE(316)=~EXwXYZV

SEL2,S)=mb2uXY2ZH

QF(E 3)=EY*XVIM : ‘
CALL RYAGUO(DLISTeS,PLO,cPDDC SE,TERAIIDGeDCAYIP,1D, 101.!uE INE,
1174107

WRITE(G,999) DLIST(R?)
FORMAT(2aH HASS GF ELEMENTS SO FAR 1S ,E45,5)
RETURN '
END

FINISH

,1§§, 1B MU NV, NA, e ISSN/INETPROP)
[

1§ :IL L
LI STeIN (e IDe 1Dt e ¥TeIDTS o)
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Program for Analysis of Flutter Speed and

Aercelastic Modes

The program was originally written by Stacey
(Ref.52) and has undergone some major modi- ,
fications. The program is stored in the subfile
name JRB3 on the MAXIMOP file and requires data
subfiles DAT2 (already produced by 3RB1l, DAT1
and JRB2) and DAT3 for its run. The program
JRB3 reads the natural frequencies, mode shapes
and the generalised mass and stiffness matrices

- together with the geometric parameters of the

wing from thedata subfile BAT 2. Then the
program determines the aerodynamic matrix in
terms of the generalised coordinates using

strip theory (alternatively, using Davies'
program - Ref.l1l18). The flutter determinant

is formed by assembling the generalised mass,
stiffness and aerodynamic matrices. The com-
plex determinant so formed is solved for air-
speed and frequency using one of the scientific
subroutines developed by the Numerical Algorithm
Group (NAG). Once this complex eigen value
problem is solved, the corresponding flutter
modes are evaluated by setting cne of the -
generalised coordinates (which is a complex
quantity) to a known value. The complete
procedure is explained in Fig. 133 in a block’
diagram. The flutter program JRB3 is a developed
version of the program in Ref.52. The sub-
routine AIRMAT has been modified for the anaqgle
of sweep and the subroutine FMODE which evaluates’
the aeroelastic modes at flutter spesd is a '
new addition. The listings of the flutter
program JRB3 and the reguired data subfiles

DAT2 and DAT3 are given in the subsequent
sections. The listing of the subfile RESI1

which follows DAT3 is a typical example of out-

.put results of the flutter program JRB3.
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L.1.1 Listing of the Prooram Subfile JRB3

- 200

LIBEARY (SUBARNUPNAGF)
PROGRAMDSOD)

INPUT 1=€¢RO

oUTPUT 2=LP0

COMOREST INT?G&R AND LOGICAL
YRACE 2

END

MASTER SYMMETRIC CALCULATIONS
COMPLFX PP, RReYVIYYZT,vYVZ2
DIMERSION Pp(S,5YsRF(5,1), YY(él.).wxspcfs) vvz1<ﬁ1 1).vv72(1 1)
pIMENSION S(2000)
X¢k = VALUES OF % AT INTEGRATION POINTS :

11! = 0 NODES JJ = NO NMODES KK = NO TNTEGRATION POINTS
READCT+200) 11,44, Kk 140 '

FORMAT(4IM)

Jd=1d=140+1

1J0=140~1

LLB=JJ=1

URITEC(Z,9) 11,JJ,KK, 140

FORMAT(3X,15HH0 wING HORES =,12,5X,10HNO MODES =,12,5X,23HNO TNTEG
2RATION SQINTS =,12,5%,33HN0 RIGID BODY MODES DISREGARDED =,12)
ti=1141

N=l1-1

N2=nw(N+1) /2

Mi=

Mm2z=pg= 14

M3I=r2wls

M4=taZ+1)

MS=M4+T1wdd : -

M6=MS+] e -
M7EME+K Y :

MB=MT7 +Ky

MO=ME+Ky

MIO0= O+ el

MIT=mMl0epkx )y

M12=m11411

MI3=pider 1

Mib=m134+11

MI8=mM1batl

M16z=m154 1K

MI7=M16+9J

M1E=2M17 402

M19=m13411

ME0=M19agdely

M2 =M20agdx))

M22=M2T+u w2

ME3=M22+KK#*2

MRAL=MP23 4 K%

M28z=H264KK*

M26=M25 0y KH)

MZ?ﬁM26+JJ*JJ*2

M28=M27+ 0¥ 1%

MZO=M28a4a11

M30=m294+11]

M3 = M30&[Twlg

M32=m31+11%11

M33= VBszltlr

M34=t33411

M35=M34.411

M36=m35.11
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M7 ‘4?6)*)]!

M3L=MA7 411

U3Q=MEELT]

MAO=M39 .11

TTAESTAVOR D |

Mo2=mMbi syl

ML3aMbdall

MOGL=MLET T T w1y

WRITE(Z2,5) 144

FORMAT(AX (1S5HCORF REQUIRED =,14)

TE{46A.GT,2000) <TQP

CALL FLUTTR (S(M?MS(M?MS(M3MS(MAMS(MSLS(MSMS(M?%S(HRM
28C(MPY , S(MI0),5(M1), 5 M12), S(M13)Y, S(H14). SCH15), S(M16), S(MUY72

ZS{MIB) 09 M1f):S(M?O)oS(??T):Q(MP?):ﬂ(HZ?);Q!MPé\.9("25) %qﬂ?é;a
45(M3?>.-(M24 Y, 5280 48 (n3pY  S(M34) 45 <M3?,us(v,3),91w34):S<MzS> S (wm

536),8(M27 )45 (1333 ,58 (M39),5CHA0 Y s (MAg ) S (ML2) 1S (MAZ), 17 ¢dd
6 KK N2 r11 e LLBR PP, RR,YY, UKSPC,YYZ0 ,YVZ22) :
STOP

END
SURROUTINE pLUTTR ( YeB AH, HeA/XKenRoAHH I HN AAHHH AAABRRE .,

ZAHHY , 2K, WeHK s UESPr X e XS AT rAT2182% 2222 10004 :QF DY:CrS5+8% sEVYEY
ZLWESP2 70 TA M T T2, 7T/ TT2 MUNe NIV, T!!JI:YK NZ2,11.,LLR,

LpP R YV, WKERGaYYLT rYY2ZD)
COMPLEX A11,A12 ,A21,A22.00,04,QF ,07 .02

COMPLEX BPRPyRR/YY,YYZ1,YVZ2

DIMENSIGN YCiI) ,ROTIDGAHCTIID ,HCRT ) eACTT o 00) o XK{KED S BB (KK,
?ﬁHH(kF) HHLKHK ,JJ ) fAACKK ,Jd) ,HHH (YD) ,AAACTT) ,BRBB (11 AN H(Ii)«
>7K(«K>:H(JJ).HK\H?>,uxep(11,,xufuJ.;J> XC(JlaJ¢3.A“ﬁ(Vk) A 2 {eud,

!

569 €11 e 1) EVVLIT IT) s EV(IY)  UKSPR (LT )y 710(17)574f12)'uﬂ(11):7§( 13
6.:&(!1) TTICI1) o0 T2CI D) L, UMNCLT Y nIV (I I3

DIMENSIaN Q(6.6)

DIMENSTON YY?‘(yul1)rVV7((K/p1):pP(1LB'LIB3 RRCLLR +9 Y e W BRC (LLE )
TYY(Id. 1

EORMAT (7Y 1 15HSPANWISE CnmORD 33X, 4 oHeENT~rHORD ,SY  qQHELASTIC AXIS &
2EFSET 2%, 20HATLERON HINGE OFFESET, 15X JH(Y) 10X, 3H(B) 15X, 4H (AT,

320X, 31 (e ))
ﬂPnAT(NXISJHCU”pLEW NATURA;, FRFOUENCIES (RAD/SFEL))

FORMATC Xy Z4HGENRRALIZEN STIFFNESS mATRIY (XS)) .
FORMATC(S X1 ESHGENCRALIZEN MASS MATRIY (X11))
FORSAT(S X 2ZHRENNING MONE SHAPES (MH))
EORVAT (S Z4HPITeHING MODE SHAPES {A))

FORMAT(S X, 25HTINTERPOLATED Y, R (AHLC,HAD
:GRMAT(ﬂx,12HAIRhENSITY ZeE1Q A BN DAHSTRUCTURAL DAMPING COFFF =,F

15,

acAD(‘)l?ﬁT (D). I=1,11)
PEAD(TIs201)(BCD),Is1,11)
READCT (201 CAHCDY £ I=1,1 1)
PEANDCY 201X (CCL), Iz, 1)

FORMATC(0FQ,0)

nFAD QN 202 ) (S(T,d) 1= L,11) 0= ,11)
DEAD(T,202Y WLy, Iz ,dd)

RBEADCS 202) CUXSCTod) s Ima,dd) d=t.ddd
PEADCY ¢202) ((RMC1ed) 114 dd) vd=d.ddy
READCT 4 Z02) CCHOT ) 1=, 1) 0=t ,0d)
READ Y 202 CCACT ), =111y ,4=1,04)
tORMAT (EN0F O, D)

pEAD(Y 7)) LLspn, 6
FORMATCYGEO, 00 FD.0)

WRITE(Z,14) p0ig

WRITE(Z . 1)

pO 19 I=4,11

URTTE(Z,42) Y(I)Y,BCI)»AR(CL), (1)
FORMAT(=X:6F%6,5)

URITE(Z,82)

DO 22 1944
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WlTo=u () «6 283185307 o
CLEAR ALL OFF=«DYAGONAL TERNS IN XS ANMD xH
1F81JG,en,.0) XS(h99)  X8(€2,2)20,0
1EC1J0vr0.1) X5¢i92=0 .0
pl 200 1y1=1,4Jd-1
b0 200 VKK=Ji1lI+1,dJ
XSCI1Ir K KK) =00
XS(KKKe1Y12=0. 0
CXMCITI enKE ) =0,
200 XKMA(XKK 171 )= G.O :
¢ CLEARING OF OFFDTAGONAL TERMS IS OVeR
WRITE(Z, ?)
WRITEC(Z,10) U1y el=t, dn)
WRITE(Z2.82) : .
10 FORMAT (5XrF10.3)
WRITE(Z,3)
cALL XPrINT(XSsddrdd)
WRITE(Z,4)
CALL MPoyNT(XMaJa1dd)
WRITE(2.6)
CALL XPorHNT(HI1,d0)
WRITE (€ ,7)
CALL XPotHYc¢A,11,d4)
AKK=KK=4
DXE(YCIy=Y(i) )Y/ AKK
no 5 K=1, KK

oy N
™G

AK=Kw 4
5 XK{gY=Yq)e DXFAK
CALL EXTRAPCTIL »JJ KK N2 DY, Y XKrH, pasR AR MK, HH:AA:%"I:A*&H,,

1MHH AAA, RHS dAHHHY
DO 15 K=1!KK.
£C=09994 .
15 MRITEC2, 12) xr(r;.aa(x),AHH(r).rr
' WRITE(Z , 82)
CALL XPoiINTUHH, KV )
CALL XPoINT(aAA Ky edd)
c U = AIR4PEED Wp = FLUTTER EREOGUENeY  (RAD/SFEQ)
READ(T#145) GM X1 sR.KL
115 FORMATO(ZIFG, G, 10)
IF(NM.ER,0,0) G070 198 )
calL nFrPAS(JJ Ke oKL 0W YT, B HHE A 00)
00 1196 T=1¢dd
B0 196 5=1,04
116 XML, W) =xMOL, ) +0l1,d)
118 SEADCT #149) WFI,nME, WFMAR
119 EORMAT(SF0,0)
WRITE(Z,46)
44 FORMATL 5XypH VEIOCITY, 49X, 1pH FREQUENCY .10, 9H REAL DET,11¥.
19H ITMAG DET) ' ' '
PEAD(1111?) U b, UMAY y U
117 EORMATC(LFO,0)
81 QARP QA PF0.0
IF('.’ (RT l)”A)‘) G”) .a‘af}
TFCUC N, 0. AND. U, GELUMAX) READC1¢447) U:D'rUMﬂX ue
1501, LT 0, 0060061y U=0,000007
WRITE(2.42)
8¢ FORMATC/ /)
CUFEWRI ,
: LRO,LIC, LR, LT =D
90 PALL A]nMAT(II:JchKaRO DA tioWF 7K uns AR BE, AhH.A11.A12 A?1 AZ
100, )
R LRy 1=0 ‘
Y FORM FLUTTER DETRRMINANT=<QA
DO 30 l=t 4y :
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QA(zsJ):XM(i.J)w("UF*WS+H<IE*W(I)*CMPLX(n.n.G))¢?S(I.J)~QF({,3)
NQITE(Z.?z) ((QA(I:J):J:1rJJ?:I:1:JJ)

SOLVe FrLUTTgR DETERNINANT

1FATL = 0 ‘ :

calt FOSADFCOA,JIrddsRaR, AT WKEPSEFATL)
1FCIEALL,EQ 0) 6nTO 120

WRITE(2.190) IFATL .

FORMATCFALLURE [ = 1,158)

sTOP

CONTIRUR ‘

WRITE(Z.429) U, Up QAR QAL

FORMAT (53X 2 (F10.3¢104) 2 (Fq0.ba9n¥))

CHECK Iy SIGN OF QAR OR OAl HAS CHANGED

SIGNR=QLR*QARP _
IF(s5IGNS LT,06.0) - CALL YINT(QAR,OARD,WF ,DWF , WFO,1,LR)
JJK=JdJ=1q o
SIGNI =@ 21*Qa1P

TF(SIGNT LT, 0. 0) CALL YINT(OAT, OAID, UEF, pUEUFO, =1,L1)
IFCS1GR3, LT, 0.0.aKD. 51601, LT.0.0) CaLl FMODE(PP,RR,YY,

BUKSQCIQipTIgJJ:KKIRﬂlDX.UlNFﬂiZVaHHgAA:BQIAHH:AﬁQ1A120A21a
QAZZ;QOanF,JJK,XS.XM:H:N,VVZ1IYYZQIA“ODEvG)

QARD=0AY

QAl P=QA&7

WFzUF+DUFR

L10=LI+ 10

LRO=LRU+ (R

1EC(LRO+LI0) GE, LY 60Tn 80

1F(YF.Gr WFHMAX) GOUTO 80

GOTO 20

y=U+pu

60T0 &1

sTOP

RETURN

END ‘ % o
SUEQOoUT i NE EXTRAQ(IIrJJ.Kx,nz.nX.xuxvacAlaeAHohx.gH.Aﬁ:BB'AHH!7*

AHHH ARA ,REBB , AHHI v .

pIMENSION XCT1) , xK(KK) ,n(1T.J T1dd) B OIT) dARCIT) PHEIN2Y
[

HHHCTT) ,ApACTT) ,mgp (1Y) aRHH (T

N=l]=1

pO 150 w=1sgK

¥ D= K(T)y

1F (K. G710 ¥psXelR) = XReK=1)

no 100 a4=1,44

p0 105 1=1,11 :

KWHH I 2=l 2 ‘
CALL EQ4AAF (X, HHH f“K.II:N?:N:Kﬁ)
¥b=0 .0 ‘

MH (K, 3 2K 2D

0o 125 1=1,11

AAA( I)::‘A( I'\’)

CALL EQ1AAFCX, AAA P HE, T, H20 N 0 O
AACK, 3)=pK(a2) :
CONTIMUS

DO 4130 1=1¢11

BBB (1)=n (1)

CALL FO1TAAF (X, BRp HK, 1T ,N2,0H,0.0)
BR(K)SHL(NZ) ‘

n0 140 1=1411

AHHHCI) maAHC D)

CALL EQ1AAFCX, AHHH, HE, T, M2, N, 0, 0)
AHH(KY=uK(N)

CONTIHNUE

mETURY

END
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SUBRQUT i MK At?hA.(Ii,JJ,Vr.P DX U HE 2K BH, AAS BB AHH,ATT A2, 429,
1A22 s QQenF) ,
COMPLEX A11 ,A12,429 A28 ,00,0F
DIMENS TN Hq(YK,yu), A(VY:J#)'Hh(Vk)aﬂHh(ik3gk1s(VV) K12 (KK
1A21 (Kf>,522(K\),(JQ{ ?x):“; \JJ '\!J);IY(KK)
pO 200 x=4,8y%
ZX (KI)=BR ) »uwE /1)
cALlL Al OF(UepD, ZKOKY, AHH(EY p R CK), A11(k>.A12'().h?1(K) A22(K)) .
¢ WRITE(Z.23) A95(K) ., An”(%)pA?1(k).A??(K)
23 FORMATLER12.3)
260 COHTINUE
b0 300 iL=1s41
p0 300 u=irgd
p0 250 «=1sK¥ ,
QOCKY e aq 1 (I RHY K LI *HpP (K M) hpq (KDY % HHCE e MY % AACK (L) +R2 (KD *
THH R L) saa (8o M) w0 a0 (KD »ap (e, LY wpap (kM)
¢ URITE(Z,26) 00(K)YsK LM
26 . EnpMAT <2F10 3:.3140)
250 CONTIHUE :
CALL STHPSHN (KK, nX,QQ,07(L, 1))
o WRITE(L .27) QFCL,MY LoM
v FORMATI(2RT10,3,2110)
300 CONTINUZ
RETURN
EMD
SUBROQUT I HE SIMPSN(KK HY.Y/AREA)
COMPLFX V,ARFEAYODD,EVEN
HIMENSTON Y(KK)
HX=aps Gix)?
ndp=(0G,q,0,0)
EVEN=(0.0,0,0) 7
DO 40 Iud ka2,
nhp=0DR+Y (L)Y
10 EVENZEVENSY(1+1)
' AREASHA 73,04 (4, D9 EVENS2 0%0DD+Y (KK )2y (1))
PETURN
FND .
SUERQUTIKE AIRCOF(U,RD,¥¥AH, R, 211,A412,A21,422)
COMPLEX A1T1,A12,221 222,041,612, 0K
[ CALCULATION NfF THEODORSEMS rUNETIONS
1F(<k z,0.0) 6G0OTOS ‘
"HPL/(1 0,0,0)

GOTO 50
5 1F (XK= ,.465) 10,20,20
10 CA=N, 0455/ 4K

R0 3/ vk
60T &0

20 TFEXK=~0:85) 30,3035

3n CAz(Q.0A575m0,045%XK) /XY
CB=(0,2140,2%XK) /XK

. GATO 40 :

35 CA=0, 061 /XK
CR=N 32 ixK

[y CiT=chPi X1, ,~Ca)

C12=CHP X T, ,=CEH) ,
CKz1,~0 165/C11-~n.335/¢12

L) CNNTIHUS
c WRITE(Z,60) CKiXy
- 60 EORMAT (3F20.5)

0=3.14189248+R0)wUxU
A11=C0% (mXKuXity *CUFCUDLE (). 0e¥K))

Ali==AT1

A12=C0~¢ rdPthAw*Xka PXKI42 20V CMOL X {E, o XE% (0, S=AH)) DB
AT é=e AN

A2M=COxp # (2, x CKACMPLy (0, 0, ¥Xa (0, B AHY Yo Y XaXKeAH)
 CX=C0%n R '

R2E=CH* 2, *(0,8+aR) «CKerMPELX LT 0, XK+ (1], ,wﬂH))+P“PL¥(XV*Y¥/8 *¥K
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KAl EAH  (AH=0 5 )% X))
¢ EFEeeT nf SUWEEP 1S TaKen INTO CONSInERATION

gWEEP=T12 . 0%4,02A7ANCT L 0)Y /180,
ECOnST=rna (swEEp) : '
A11=A11<FCONST

A12=A12+ECONST

A21=A21«ECONST

A22=h22«ECONST

BETURN

END

SUBROUTINE XINT(vTI Y2/ UEDUF,WEAR.TIP.L)
=1

WFd= ABS(V1)*DWF!(ABS(Y’)+AB (YZ))
WFO=WF=JED

tFOIpP) 53,5410

5 WRITE ¢(2,20) WFO
RETURN ‘ ~ -
en FORMAT(10Xy37H FREQUENCY WHEN IMAGIMARY DET ZERO = ,F10.5. /)
10 WRITE(R ,30) WFD
30 FORMAT (10X,32H cREQUENAY WHEN REAL DET 7ERO = ,F40.5./)
RETURN
END

sUpaUT1nE YPRIVT(A:IIuII)
DIHENSION ACIT,J4) _ ‘
TFECIILEn, 3) WRITE(Z, 3) (Al Y ed=qedd)sI=1,110)
CIFCIGLER LAY WRITRO2,4) ¢(CACI I, 0=, 0d) 11,11
1FCJY,.ES, 5y yRITE(Z, 5 (CACY, Y =5, d )11, 11D
1FCIJEDN, QY URITE(Z)A) ((ACL ) =1, 0d) . 124,11)
IF(JJuE"’),?) U‘?ITFf(ZI?) ((,A(II‘J)IJ:%IJJ)I‘,‘Q11!1)
TFC(II.En, 8) WRITE(Z, 8Y (CA(I ) sd=fsdd¥ eIzt I D)
TR EY, §) MRITE(2, 9) ((AC1,4),d=1,00)01=1,11)
TFCSIEN, 10) WRITE(Z2,10) ((ACL D ed=grd szt I )
TFCUILED 11) WRITE(Z2,11) ((ACT ) od=1pd ) el=1,15)
IECJU B, 12) WRITE(Z2,12) ((ACI4U) ed=10ddd)ei=1411)

3 FORMAT(S Y, 3F50.4)
4 FORMAT(SY 1 46F45.4)

) FORMAT (I X, SF10.4)
6 FOPMAT(IX,6F15 .49
7 FORMATCAX P TETH LAY

5 FORMAT (AXr &F10G.4)
o FORMAT(5X, CF10.4)

0 FOUMATCE L 10F10 4D

1 FORMAT(5X 11810 ,4)

Z FOPUAT(,X:1ZF10 L)

100 FORMAT(//)

RETHRN

END

SUBROUT (NE OpFEMASCJJr KK KLeOMIXT, P'HH AL Q)
hIMLNQIwN ARCKK g ) HHERK g8 10 (Jd, 3 d)

ho 51-1
po 5 J=1, JJ
g ndly, J)~ M*(An(i.,I)*HH(V!,J‘+°*AA(K1 D HHL YL, JY+Pp AA(KL, I

ZtHH(KL(i))*(OH*R*R+XI)*fA(KL:!)*AA(KL'J)
CALL XP:INT(O,JJ.,d4)
RETURN

END
sUg2oUT  NE LpnnF(Ppp,RRp YY WKSPraQarslYegJs¥KoRNDX UL WEDS ZV:HR’AA

1,BB AHH AT ,A12,221 422 ,0Q,QF s JJ¥ o XS e XM H W YY2ZT 1YY 22 ,AMODE .G)
COMPLEX A11 ,212 021 ,422.00,0F +QA,PPD,RRR,YY,YYZ1,YY22
pIMENSTON n(vr,||).AA<k».JJ).P5<rk> AHHIKKY S AT (v o A12 (KT A1 (KK
7)Y 0822 (K ) e QO CKK) L, OF Cyd v d ) e ZK KR o XS (I rg ) o XM g e ga) o PPP 0K g gK)
3. RRJ(JJfr1)rYY(JJIW):UVSpC(}JV) OACId ed YW CIdY (HH KK S d?

NS

A

D

I
CAL

9"“’!

OH
4

I

% 710Kk o) s YY 72K, 1)

i . .
H Isd ilr\?\rrlﬂ;a»x;n:t’rnoZK:nH;AA sRR P AHN S AGE P A2 A20 142740

MAT

-



51
52

20

56

66
5%
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Lo 0F)

no 540 J=1,4

GA(E,‘)"X4(I,n/4( uFﬁ*utP+u(I)*H(I)*C”P'x(ﬂ 0,GYY+xS(1,
Hno 59 lz9 .40~ .

80 8% Jd=1,Jd =1

PPP(1 ,J)=QACTsd)}

nO 52 1=4,dJ~1

RRR (I + 1) =R AT +dJ)

1EATIL=Y

LLsJdd=1

CALL FOALADF(PPP/L L;R'—'?Ru( WIRNIRRAAZE JINKSPCLITFAT L)
IFCIRATL ,EQR,0) G0 TO 20
WRITE(Z2,53)IFAIL
WRITE(Z2,54)¢vY (1,921 =9,LL)
YYCIJ D =CRp X (=1,0,0,0)
WRITE(Z,60)

WRITE(Z.61)
WRITECR.543CLYY(1ed)eiza, JJ))
nd 56 I=q. KK

YY21¢T o5y =CHPLX(O.0,0.0)
YYZ2(Len)=CHRrLX(n,0,0.0)

DO 5() ‘-’w-1[vJ

YYZACT09)2YY25 0T )+ HHL T, K) »yY(K,1)
YYZP2 (1 )mYY 2201, 1) +AA T R ) 2yY (¥, 1)

WRITE (2.,55) ‘ ‘

WRITE(Z .69

WRITE(Z 342 (¥YZ9¢1 o131 21,KK)

URITE(Z,62)

PO 63 l=q,Fy |

RYYZq=Rxal(VYZ1¢111))
ATYVYZI=AIMAGIYYZ1(1:1))
AMYYZIR5aRT(RYYZ9 *#24ATvY 2]+ %2 )

ATHET 1= TANCAIYYZ71/RYYZ21)

ADTHETT zATHET1%180,0/3,14615926

WRITECZ 64 RYYZ1,AIYYZ21 (AMYY 21, ATHETY +ADTHETY
CONTINUE '

WRITEC(Z,45)

WRITE(Z,41) :

WRITE(Z ,S4)(yY22¢1 1) ¢l KK

WRITE(Z,62)

pO 4K l=z9,KK

RYYZ2sRoal(YYZ2C¢1,1))

AYYYZ25ATHAGIYYZR2(1,%))
AMYVZ2=30RT(RYVZ**2+ATVYZD442)
ATHETZ2STANCATYY72/RYY22)

ADTHEY 2= ATFFT?*1RO,U/3 14959265
WRITE(E.AGYRYYZ2, AIYYZ2,AMYYZ2, ATHET2,ADTHET2
CONTINUC '

FOPMAT(IH »22HERROR IN wndADE TFALL =,12)y
FORYAT (i H 202X, E146.508))

FORUAT (1Y 15X 2BHAEROGELASTIN MODES TN BENDING)

JNVeret

\ A

b

PORMAT (A H (85X, 530AEROELASTIC MOnpS TINTERMS OF GENFRALISED CO-ORpIN

1TATES)

FORYMAT (A H 15X s OHPEALYPART s 10X s ANTHAGINARY=DARTS

FORMAT (4 H 42X OHpEAL=PART 52, 9HTIMAG=-PART,SX ,7HMODULUS,5X 0 HPHASE(

ZRAD) (HX,10HPHASECDEG))

FORMAYLAH 42YsF10¢5:2XF92.5,2X,F12.5+5%,F11:6,5%:F11.6)

FORUMAT 4 H s28HAEROELASTIC MODES IN TORSION)
RETHURMN
END
FINISH
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L.1.4 Listing of the Result Subfile RESL
VELDCITY FREQUENCY REAL DET IMAG DFT

39,3200 8.400 - 72648 14 ~.3501E 14

30,309 8,500 0.4150F 93 w. 4L820FE 1%
FREQUENCY WHEYN REAL DET ZERD = 8, 48459

30,500 _ 2.600 0.3176E 14 G.2769F 14
FREGUENCY WHEN IMAGINARY DET 7Evo = 8.59482

30,350 8. 400 ., 2772E 14 - 3266F 14

39,350 R.500 e 104LE 13 s 234L9F 4%

39,359 8.600 0.2640F 14 0.3029E 94

FRENUENCY WHEN REAL DPET 2FRN = 8,503867

P = 8.5072¢0

¥

T

FREODUENCY WHEN IMAGYNARY DET 2
~845,748524157
-190,70378:135

=208 8996350583
0.507565978
~11.807218247
8.903142796 3004864749
“0.956921307 »0.31720333¢
AEROFLASTIC MODES INTERMS OF GENFRALYSEDR £0=CRDINATES
REAL~PART ITHAGINARY~PART ,
“845,748579157 «208, 891435053
~190.703783135 0.507565978
-238:1Q6925ﬁ8? "q1.807?182é7

8.90314 796
~0,956921307
"’! |05\0n01"n00

3004864709
=0.,231720333¢%
0.000500000

AEROELASTIC MODES IN HBENNING
IMAGINARY~PART

REAL=PAKT

-9, 698559635
“14.370344729
“18,79436=802
22.8%500:332
“26. 450507427
~29 ,3,1%07897
=34.32173442%
32 . 813657327
=33,12249%028
~32.219642310

=“30,19225%394
REAL~PART

=44 ,37H3%
“48,79484
“22,38501
-~26,45059
-29.34190
~31.5217%
32,2136
"33412250
-32,2196"
'50|1922(:l

IHAG=PART ,
-5 13105
"5_534675
5.93416
-6 36220

aH. 63170

-7 . 340R7
7. 86445
»3_ 33040
~3.85264

w9 25580

=G 55682

~5.151050016
«8,834A702.L7
=8 9341546972
=6 362109648
mh ARZ1FNNT46
w7y 350470340
n7 BELLLTE 27
w8 TBOLOZ2149
=8 ASRALIRL79
=0 2547201034
=0 556819248
nODIULYUS pPH
10,9815
15,%0035 7
19,7094 >
8% ,7582%9»
27.34851
30,2462n
32,468790
13.866%90
34,7859 4
13,.5730%
31.665864%

ASECLRAD)
0.47R229
0.347635
0,305827
0.27116406
(,25275%
i.0465145
0,2446501
0.,250049
H,261968
0,279768
0.,306554

. PHASFE(DEG)

27.97344
21.063952
17.5226¢4
45.53432n
14, 482004
14, 045794
14,0048892
14,326732
14,963660
16,029510
47.564254



AFROELASTIC MOnES (N TORSION
THAGTIHARY~PART

REAL=PART
-14,210306672

w14 ,238457%355
wAl, 2726590777
44, 277972198
~44.360792765
-4 LAT73T2752
"1!&.6’:2???()‘)2
-4¢s , 7R5015R24
-18,00276558038
“45,23094£324
15, 653437252

- 194 -

14592968737
1.464L027477
1.4667303705
4. 4TESRLT LY

AL NS AE

1.49975752%
1.5010278A1
1.492841030
1.47713L8381
1.4506947846
1.420228915

REAL=PART IMAG=DPART MopiLuUs pPHASEC(RAD) PHASE(DEG)

o =14,21031 1.4569Q7 14,28511 -0,102381 w5, 865094
44 ,23845 166403 14,34352 “0.102462 5 8705643
~14,2266% 1 46730 14,302067 ~0.,402775 -5 BRAGS Y
-4 4, 27795 1.47358 44 ,3543% =0,103189 =5,921230°%
14,3607 449164 14,43797 =0.103498 -5,920014
b LETET 1.49976 14,54490 =0.103296 ~5,.918444
-qh, 61275 1.50103 44, 68967 -0,9023%41 =5 844865
-44,7859) 1.49384 14,2690 -0.100690 wh 7690%4
-45,0027~ 1.4677173 45,07529 ~0.,008141 -8, 623082
«55,23095% 1465065 15,2099n -“0.004577 VYA VAR
~15,48344 1.42023 15.50844 ~0.091470 «5, 240827

30,400 R, 400 -,Z22R0F 14 n,3030F 4

70,400 3.%00 - 4285FE 13 0.1352€ 12
FREAUENCY WHEN IHAGINARY DET ZErQ = R.49956

30,400 R.600 0.2104E 14 0.32898 1L
FRENUENCY WHFH REAL DET ZERC = 8.52300 S

30,430 R.A&DO -, 3780E 14 =, 2792F 94

39,450 8.500 ~,1951F 14 0.26328 1%
FREQUENCY WHelN IHMAGIHARY DET 2ERQO = 8.4649138

36,450 8,600 0.1568EF 14 0.3552F 14
FREGUENCY WHEN REAL DET zERO = 8.54234



Program for Analysis of Short Period Oscillation
Characteristics of a Flexible Aeroplane

A program very similar to the flutter program
described in section L.l is developed to
analyse the short period oscillation charact-
eristics of a flexible aircraft. The main
difference from the flutter program is that in.
this program the Theodorsen function and the
corresponding l1ift and moment are evaluated
for motion of the form At where A = A+ i

A particular airspeed is chosen (preferably
below the flutter speed) and the corresponding
values of 4 and w are found., The ai value gives
the amount of damping (sec-1) and the latter
provides the frequency (rad/sec) of the short
periocd mcde. The computation method is des-
cribed in the block diagram shown in Fig.l134.
The program JRB4 (subfile name) which evaluates
the short periocd frequency and damping requires
the data subfiles DAT2 (given in section L.1.2),
DAT4 and DATS5. Many of the subroutines in the
program JRB4 are common with thaose in the
flutter program JRB3. However, the subroutines
AIRMAT and AIRCOF are developed as an extension
of the earlier ones to account for the
Theodorsen functions of complex arguments.

The data subfile DAT4 contains the constant
airspeed value and range of short period fre-
quency and damping values within which the
stability determinant is expected to be zero.
DATS contains the Theodorsen functions for
non-harmonic motion which are evaluated from
the computation of Bessel and Hankel functions
for complex arguments.

The listings of the program subfile JRB4 and
the data subfiles DAT4 and DAT5 are provided
in the subseguent secticns. Then an example
- of typical sample output RES2 follous.
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L.2.1 Ltisting of the D;og:am Subfile JRB4

LIBRARY (SUBGROUPNAGEY
LIBRARY¢(SURGROUPCRAN)
pROGRAM(DS0D)

COMPACY DATA

{NPUT T=¢RO

QUTPUT 2zLPo

COMPRESS INTEGER AND LOGICAL
TRACE 2

END

MASTER SVMMFYRIC CALCULATIONS

0F A FLEXI L CALRCRAFT b CY AND BAM Ing

OO0

COMPLEX Ppiakavv‘?vzq.vvzz
DIMENSTION S¢2009)
DIMENSION KRO(AK):AFx(éx) AGX(63)
DIMENSTON PP()!S)(RR<5'1)?YY(6'ﬂ)l
TWKSPC(SY,YYZ9 (11, 1), ¥YZ2(%1,1)
g Xklﬂ VALUES§QF X AT INTEGRATION pOINTS
= H N C 3 o C e } -
5iﬁ0(1 ggoagg 34 KfoJo NO MODES KK = NO INTEGRATION POINTS
590 FURHAT(4!03
Jdsdd=1 10+
LLE=JJn9
!JO"—"IJQ“1
' WRITE(Z;?’ iI!JJ;KK'IJO
) FORMAT(SX+15HNQ WING NOngES =,12,5X,10HN0 MOpES =,12,5X%,23HN0 INTEG
2¥$T§?E1POINTS *clzlJX:3sHNQ RIGID BODY MODES DISREGARDED =¢12)
Nsllef
NAsN«(Nagd /D
M=
M2=M1+11
Misp2+ly.
ne=M3I+11
MSSML+T Tl
M9=M5+1!*JJ
M7z=Me+KK
MB=M7+KK
MI=HM8+KK
MTO0=MO+K*y
MIT=KT0sKK*y)
Bi2=M11e11
M13=p12471
Mib=MT13411
M15=MT4e11
MT6=M154+kK
MiP=M1640V
MI8=m174nd
M19=m18+11
M20=MI94gd %y
M2T1=M20+Jd* )
ME2=M2T e KK*2
MZ23=M22eKK*D
MRL=M233KKED
M23=M2beKKED
MEOzM2I KU
M7 =M20aJd e %2
K28aM2T e ¥ g n?
Me9=Mm28ayl
M30=MEY ]
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M31=M30411%11
M32=M3T4rlwgt
M33=M32+11%y1
M34z=M33+31
M352M34w11
M36=M35,11
M37T=M36411
M38=M37411
M39=M38+711
MeO=M394¢11
M61=Mb04 11
Mh2=MAT21T
MG3=M422071
Mbeb=Hb3+] I*;z
WRITE(Z, 5) M&h
FORMAT(5Xr15HCORE RFQUIPFD =,149

éF(Méa GY22000) &7 . c
ALL PFQ‘C ¢ S(hi) S(MP) S¢M3) ,SCMAY rS(MB),S(MEY .S (M7, S(M8)

2S(M9)y 5 ¢mM10y,5¢ 1>,3<Mﬂ2>,3<”1*:'3<%14) S<N15>as HI6Y 8 ¢M17)0
€S(M1B)IQ(”19)fS(MZO) SC1124) ,5(M22) 1 §(M23) 1S (M43, S(%25) ,stipsl,

LSIM27) 15(M28) 5 (1429),5(130), Q(N?ﬁ7;€(ﬁ3?)iafp3u3 %xﬂti)as(h331k3;“
536),6(M37)75(N38Y ;S<H59> S(nAO) S(MATY) s S (ML), S<u43%, o 11:33

e KK N2rT1q0 LLb PPLRRyYYr¥YZ9,YY22,4KgpC)
anP '

END ‘

SUBROUTINE SPFQNgp ¢ YvB:AH: HeAeXKrpge AHHIHH AA HHH c 4 AATBREB,
2AHHYH 2K W HK,WKSanH,XS,A11 A12,A2%,R€2,0Q,QA7QF, DY, ¢S, %;ffvvarv
T WKSP2rT40 T4 WN,TY, Y2 fTT1'TT?IUMNlbiVlII'JJ:Kx,N?:FfILL°!”Ptﬁg” '
LARsYY VYZTIYYZBaukSPP) LR

COMPLEX 811,412,821 ,422 QQ:QA:QF,01 R2rALDA, 2K

- COMPLEX pPorwneYY, YYZ1:YYZn

DIMENSION Y(I1),BCI1)eAN(CIT), ”(!IfdJ)lA(IIcJJ)JAK(YK);BB(¥V§:
SAHHCKED JHHOKK e d U P AACKK ) HHHETT) JAAACTI) ,BBBCTIY (AHRRCITY,

3Zk<kﬁ>ant’J).NK(Nd),UkSp(II) XM(JJIJJ’aXS(JJ:JJ).A14(kK)c 1?fK<>n
4A?1<Vk>.axa<KK>,o«(;v)yoa\JJ,JJa QFCIdrgd)epY (1Y) CCT1Y+5CTs10)s
S5STCIT el EVVCLT,IL) EV(IT), wkSP?('I)!T10(II)vTA(!!) wn<zz).r%(zz>
6o TRCID) , TTVCIIY 7 T2CI1), wWNCTId nIVerI, 11

DIMENSION Q(6,4)

DIMENSION XRO(B3)rAFX(O6X)YAGKX (6D

DIMENSTION PpCLLBSLLB) yRRC(LLR, VI, WKSPCOLLBI pYYCdY, 1),vv71(kK 13,
7YYZ2(KK,4) ,

;ORMAT(7X:15HSPANNISE COmDRD, 3X,40HSEMIwcHORD 15X, 19HELAST !C AXIS O
2FFSET 2%, 20HATLERON uxnas OFFSET 15x, 3H( ) X7 3H (R),15x,6H¢A"),

320X,3HC))?
FORMAT(5X»37HCOUPLED NATURAL FREQUENCIES (RaAD/SEC))

FORMAT(E X 3% HGENFRALTZED STIFRFNESS pATRIX (XS))
FORNAT(SXu/anthrRALILEn MASS MATRIX (XM))

FORMAT(5X¢Q3RBENRING MONE SHARES (Hyy

FORMAT(SX ¢ 24HPITCHING MANRE SHARES (A))

FORPAf(%x:/SNIhTLRPOLATFD YiBeAH,CpH, A)
Fog?AT<§XI12aAIhp NSTITY =/EqQ. 4.5A:76ﬁsrguc.uRAL DAMPING COEFF =¢F
15
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LLE10
ROﬂ‘ 225

G=
wR:TE(2,54) ROTG

READC(T 2000 (vCL), Inq, 01
REAN(T 4 20%)¢BC1), 151,11
RCAD(1;?0|)(AHxI);Ea%;I!)
READ(1 202 (CC(IY,1I=1,10)

201 FORMAT(20F0,0)

RFAﬁ(111057((o(I.J);X=?.!I),J=1;!!)

READ(102QE)\U(I)71311JJ)

READCT 2022 (A(XSCie ) al=qd ) d=d i)

READCTI ¢202) ((XMCTsd) s Ime,dd) 439,443
ceeeo SREADCT 2020 (C(HCIL Y, 121,110,021, 4042

READCT ¢202) (CACT G e 159,110 1054447

202 FORMAT(200F0,0)
WRITECZ,92

D0 41 I=9:11
wRITF(£.1?2 vtz) a(x)vAH(1>.c‘13

14
52 FORHAT(SX:4r18_5)
YRITE(L, 8243

DO 22 I=zq+dy
22 u(i)swxl)*é 263185307
c CLEAR aLl OFF=DIAGONAL TERMs 1IN XS5 AND XM

IECIJ0,e0.03 XS(4e1),%X5¢22)=0,0
gF(IJG,FQ,1) XS¢4+¢1)=0,0
pO 200 11179 ,dJd~94
p0 200 KxKzppleq,dd
A3¢111,KKKI=0,0
YSC(KKKs111)=0,0
KMCTIT kKK =040
200 ¥M(KKKy111)=0,0
C CLEARING OF QFFDIAGONAL TERMS 18 OVer
WRITECZ, 27
WRITECL,407 (ullyel=qedi)
WRITE(Z,82) )
10 FORMAT ¢5Xefq0,3)
WRITE(Z,3)
CALL XPRINT(XSiddrdd)
WRITE(Z,4)
CALL XPRINT{XHYJUrdd)
WRITE(2,6) ,
CALL XPriNT(Hell dd)
WRITE(Z,?)
CALL XPui ”T(aflx.JJ)
AKKzKK=4
EXECYCTgY=Y (9))/AKK
p0 & K=q,KK

AKEKe]
5 XK(K)=Y (12 +pX*AK
cALL EXSRAP(IXIJJ KKEND DX e YIXKIH  RtB s AHIHK I HH P AAP BB AHHY

1HHH AAA, gBB, AHHH)
WRITE(Z,8)

DQ 15 lelKK
. £C=69990
15 WRITE(Z, 12) xK(K) (BB(KY,aHH(K) , 0C

WRITE(Z,82)

CALL XPRINT(HH KKsJJ)
CALL XPRINT(AA/KK 1)
¢ U = AIRSPHLEED Wg = fLUTTER FREQUENCY (RAD/SEC)
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po 66 I=1r51
66  XRO(IY=a GlsFLOATCI-92
DO &7 I=347141
J=l=32
47 xRO(I)=0.52+0.02tFLOAT(J5
p0 68 I1=44751
Julmbl
68 XRO(1)=0,55+0,05+FLOAT(N
DO A9 I=5<¢57
, Jeie52
69 XRO(TI =4 ,5¢FLOAT(SI %043
po 7o 1=58763
Jzl=58 ' '
7 ‘RO(1)=5. 0+FLOAT(Y)
U L TETE R YT
READ (1,850) AROWITDARDN (AROWN
READ(1¢850)ATHI , LATH ATHH
850 FORMAT(10F0Q,0)
AROU=AROQWI
ATH=ATHI
WRITE(2,10) '
16 FORMAT(3X:4HaRQw710x,1Hu.13x,2HMuséx.3H0MEGA.2X.8HREAL DET
25X 8HIMAG DET) ’ :
84 QARPQATP=0,0
1FCATH GT ATHI) GOTO 160
WRITE(Z2,82) -
82 FORMAT(/ /)
AROU=AROWI
LRO,LIO,LR7LI=0
- DO 63 1=1:06%
63 READ(1,65) AFX (D) TAGR(D)
65 FORMAT(280,0) .
90 wpaAgow*cOS(ATH*3,14ﬁ59/180‘05
AMUﬂ-ARQN*S;N(ATH*S.ﬁ4159/180.03
ALDA=CM9LX(A303HF) ’ Lo
cALL AlRHAT(I1;JJIKK5R01DXJHIWF;ZKlHHfAAiBEnﬁHH:A11yﬁ‘?:ﬁ?ﬂaﬁzgﬁ
§QQIQF ¢ AMUAROUIXRO7FARX 1 AGX) .

LReLI=U
¢ FORH FLUTTER DETERMINANT-=QA
00 50 I=1¢Vy
n0 50 {:11JJ
50 QAtIr St ) x CaLpa* 24U E FUE I ¥ ENPLY (01026 Y¥XSCLr ) =QFCTs S
¢ WRITE(Z2,92) CCOA(T d) pdmqdddelmqedd) :
c SOLVE FLUTTER DETERMINANT

1FAIL = 0 .
CALL FozADF(QaeJJeJJ,OAR,QAI.NKSp«IpAIL
IFCIFATL, EQ 0D 6GTO 4290 :
WRITE(Z2,410) IFATL
150 FORMATCIFALILURE 1 = '¢15)
sTOp _
20  CONTINUE
WRITEC(Z,123) AROW U, AMU,UF QAR GAL
25  FORMAT(ZX/FS5,2,2%s3(F12.505X)12¢g10,405%0)
¢ CHECK Ig SIGN OfF QAR OR QAl HAS CHANGED
SIGHR=QAR¥QARP 4
1F{S1GNR,LT,0,0) CALL X!NT<QARr0ARP.AROw.DARow,wpo,1,LR) |
SIGNI=QaA*QRIP v
YFesyaNT LT, 0,00 CALL XINT(QAIcOAIP,ARou,DARQw:uF0,~1,L;)'
JdK=g 79 5 , ‘
 YF(SIGNR,LT,0,0,AND,SIGHT (LT, 0.0) caLl FMODE(PP,RR,YYs
SNKSPC’QA;II'JJ;KKfRO'DXIU'wFOOZK'HH'AA,SB’AHH,A$1’ﬂ12}A21,
Akgz'QgAQF'JJK'XS’XM’N'N'szﬁ’YYZZ‘ATH'XRO'AFX'AGX:ARQW:GB
QARP=QAR : ‘ »
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QAT P=RAT
ARQUsAROWTDAROY
LI0=LI*tLIV

 LRO=LRO4LR
1FCCLRO«LIQY,6E, LY 6OTn 80
1FCAROW, 6T AROUMY GOTO RO
G070 90

80 ATH=ATH+DATH
G010 81
160 ST0P
RETURH
~gND o '
SUEROUT}NE EXTRAP(II,JJ:KKQNZ,DX:XIXK'H;A'B:AHUHKlHHlAAiBBIAHRV

1HHH  AAA,RBB, AHHH)

pIMENSION X(x}),xK(KK)cntlx;JJ)TA(Ix,JJ),B(11>;AH(XI)¢HK(N2>.
ﬁHH(KK(JJ)lAA(KKaJJ),ﬁB(KK)1AHH(KK)1HHH(II)eAAA(I!)pQBB(iI)rAHHH(I
21)

N=lle=1

po 150 k=17KK

xDEXK{1)

1F (K,67,1) XD=XgiK)=XK(km1)
p0 100 ysTv4d o o
. pe 1035 !:1{!1
405 HHECD) =417 )) . .
CALL EgqafF (X HHK JHEK, 1T N2 NGXD)
xD=0,0
HHC(K ) =pKn2)
pO 125 1=21,11
25 AARCTI=ACT /)
' CALL. EOJAAF (X7 AAA ~ oHK, TT1/N2/He0:0)
AA(KQJ):HK(NZ)
00 CONTINUE
p® 130 I:T?ll
$30 gRB(IY=R(1)
CALL EQ1AAF(X,BBReHK IT, N2,N,0,0)
pR(KI=HK(N2)
b0 140 1314711
140  AHBRH(I)=AH(Y)
CALL EQ1AAF (X AHHH HK,T1,N2,N.0,07
AHH (KD =YK (N2) .
130 CONTIHUE
RETURN
END -
SUBROUT INE A!RHAT(IKJJJiKKlRO!DX&UIHF'ZKlﬁHIAAIBBrAHH:&11lAﬁZnAQ%.
AA22/QQ¢QF r AU AROW I XRO P AFX I AGK)
COMPLEX A*1,A12,42%,A22,00.,QF /2K :
DINENSIGN'HH(KK'JJ),AA<KK:JJ);BBCKK>.AHH<KK)pA11<KK).A12(KK).
ﬁAZ1(KK3,AZZ(KK);QQEKK);Q;CJJ,JJs,ZKcKK)
DIMENSTION X0 (63 tAFX(63) tAGX (63D
p0 200 k=1/kK '
ZK(K)=CHPLX(BBIKY*WF/ U nAMUXBB(¥)/U)
© O AAB=BBIRY*AROW/U
CAFFzUTSO (AARXRO(T) (AFX(1)163)
AGG“UTSQ(AAB,XR0(1)gAGX(1)163)
caLL AIRCUF(UaROGZK(x),Auucx).aa(K),A11<K>,A12(K).A21(x>,A22<K>,

ZAFF,AGG)
¢ WRITE(Z2,23) AT1C(R) pA12¢KI AR1 €KY, A22(K)
23 FORMAT(RF1Z,3)

200  CONTINUE



50 300 1=t
p0 250 K=z% KK o » '
QQ(K)= A11(K)*HH(K,L)*HH(K,H)+A25(K)* H”(KsM)*AA(K;L)+A12(K)*

AHHCK L) wARSK MY & R22 Ky #AACKELY AR CKIHN)
¢ WRITE(Z,26) Qa{K)eK, Lot '
26 FORMAT(2F10:3/3110)

250 CONTINUE , .
CALL SInpSHN (KK, pXoRQeQF (LMY
c WRITE(2,27) QFCL7MY LM :
27 FORMAT(2F10,3:2140)
300 CONYINUE
RETURN
END
SUBROUTINE SIMPSHIKK HX, Y AREA)
COMPLEX Y+AREATORDEVEN
pIMENSTON Y{KK)
HXZABRS (HX)
obD=(0,0,040)
EVEN=(0, 00,00
p0 40 1=9+KK=242
D ECELRERASS)
10 EVENSEVEN*Y(1+1) '
AREAstls.O*(a.o*Evsg*z.o*00n+Y<KK>qv<1)>
" RETURN

END
SUBROUTINE AIRCOF(UzRGOXKeAH.BaA110A12(A211A229AFF:AGG}
CONPLEX A??,A12,AZ1,AZZ,C11,C12{CK¢XK '
C CALCULATION OF THEODNRSENS FUNCTIONS
CK=OMPLYCAFFwAGG?
co=3,14159265*R0*U*U
A11=CO*("XK*XK*Z.*CK*XK*CMPLX<0.Ds?.0’)
ATT==A11
A12=C0*(AH#xK*XK+XK*cMPLx(
2xK*CHPLX(090a(D;S“AH)))}*B
A2==A12 .
a2 =C0#n *(2.*CK*XK*CHPLX(Q;0;(035¢Aﬂ))”XK*XK*Aﬂ)
CX=C0*p»8 ] -
AZ&:CX*(Eg*(O,5+AH)*CK*(1c0+XK*€MPLX(Ua0a(O.S“AH)})+XK*XK/8.
34 RKRK* AHTAH -
1+XK*CMPLX(9.0¢iAH?0.5)>)
¢ EFFECT Of SNWCEP 1S TAKEN INTO CONSIDERATION
SHEEP=13.0%4,0*¥ATAN(1.03/180. .
EcONST=cQS(swEEP)
AT1=A112ECONST
AT2=AY2,EC0NSY
A2G=A21%eCONST
A22=A22+EC0ONST -
RETURN
END

0,0,9.00#2,%Ckx (], 0%
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SUBROUTINE XINT(Y1/Y2/ARON, DUF UFOs1Pe L)
L=
WFO=ABS(YT) wDWF/ CABS{YI)»ABG(Y2))
WFO=AROWWHEFY

1FCIP) 85,5640
“RZTE(hsz; WD

RETURN

FORMATC10X:37H RG=VALUE WHEN IxaGINARY DET 26R0 = ,F10.5, /2

WRITE(Z,30) WFO
FORMAT E1QX,3CH pO=vaALUE WHEN ReAlL DET ZERO ® ,F40.5¢/)

RETURN
END

SUBROUT I NME XPRINT(A:IIe'J)
D’MFNSXUN A(II;JJ)

IFCIJEQ, 3) WRITE(2, 3) CCACT ) sd=1rddd)el=9el1)
IFCUd L EQ, %) WRITECZ2,4) ((AC1,8), 431,00, 131,110
TF(JJ,EQ, 3) leTE(?, Sy ((A¢T d)pduqrdddeladeln)
IF(JJ.EQ.6) WRITEC2,6) (¢((A(T, J) JE1,.dd) 121,11
CI1FCUJLEQ.7) WRITECR,?) (¢ACI,)u=s1 0y, 1=1,11)
1FCJI,Enq, 8) WRITE(Z, 8) (CALI ) pd=9rdddel=1ei])
TF(Sd,EQ, 9) NQI;E(" 9y (A€, d)ed=1, JJ) I=4,11)
IFCJILEQ,T0) WRITE(2,70) ((&(I:J);J 1!JJ):T=%¢II)
IFCIEQ.TT) URIT£(?}11) CCACT s dYed=Tedudel=tel))
1F(dJ.E0,12) URI1§£?,r?) CCACE ) rd=1edydelstell)

FORMAT(AX, 3F10,
FORMAT(SX 4F15, 4
FORMAT(SX: S5FT10,4)
FORMAT(SW:OF13,4)
FORHAT()vrfF15 b
FORMAT(5Xs &F10,4)
FORMAT(5X s 9Fﬂa.a;
FORMAT(S5Y+10F10,4
FORMAT(5X 114 F10.4?
FORMAT(SX:12F1O 4
WRITEC(Z2,100y
;GRHATC//)
RETURN
END
SUBROUTINE OFFMASCJY, KK, KL OMsXT R HHIAA, Q)
DIMENSION AACKK, dd)  HHURR ;IS (Q ¢Jddd)
po 31=9,44 :
p0 5 J=q,dd
QCI, d)=0oMx CHHSCKL I) w HHCKL ) e Re A ACK L, D) = HHEX L, J)+Q&A&ka,J)
?*HH(KL: ))v(QM*R*R*XI)*AA(KL;l)*AA(KLfJ)
CALL a;n HT(Qsddsdd) )

RETURN

END

SUBROUTINE FHMODE(PPP, RRR,YY,WKSDC/QA 1T, 4d KKsRODX, U WEOsZK,HH,AA
1,885 AﬂH,A11,A12'u41:A22 QQsQF (JJK I XS s XM, Ho N.YYZ1,V\7? THsXRQy
AAFX AGX,AROy,6)

COMPLEX AY1,A72,421,422,09,QF +QA,PPP,RRE,YY,¥YYZq,YV2Z2

COMPLEX pLApM,ZK . "

Dlpiw,;nN H(KK,JJ)IA&(KK JUY, BBERK) JARH(KK) , A1 (KK s 212 (KK) ,R2T LXK
238 A22 (KK 1QQUKK) , AR Cydy JIVIZRCRK) (XS (II 40D XM Cy g giY BpRCdyKed k)
TLRRR(IIE 1), YYCde9) (HKSPCCIIK) yQACIIed I s (Id) ,HHIKK JJ)

Réﬁi“ﬁég” YYZT(Kked) ) Y722 (KK 1) s XROCE3) ,AFX(63) ,AGX(63)
YimW

CALL AIRHAT(Ii}JJ'KKoRQfDX(U:”F“&ZKeHHIAAlBB:AHH:Ai1uAizihz‘lAzz?Q
LA QF ) AMUSARNW I XROCAEX1AGY D)

221=UFO%CUS (ATH#®Z ,14439/ﬂ80 0)

ZZRZ~UFa4SInCATH 3,44150/180.0)

BLAM=CMpLX(22ZR Z21)

p0 50 I= 13#4

no S0 Ged
GACY v ~xV(I,J)*iBgaﬂ**?éw(I)*V{I)*CMPL¥(0 n.ﬁ))+¥%(z'g> QFilad)
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36

63

p0 59 I=1rdye=i - 203 -
PO 5% Jzirdyed .
PPP (Y, d)=0AcT,d)

p0O 52 lzted)=i

RRRCYLTY=QA(Y d Y

FFATL=]

TLLEddet ' ' _
CALL FOAAOF(PPP LLIRRRILL/LLITIVYrg o WKSPC,IFALLY
FFCIFAILLEG,0) Ga 7o 20
WRITECZ,53)1FAIL
WRITECZ,56)¢YY(1,;1) 1
YY(Jd 1 y=CHPLX(~140/,0
WRIYE(Z2,60)
WRITECZ,61) B ’
WRITEC2,542 (LYY{1¢1),134,J4))
[}0 56 I.'.“YQKK
YYZ‘-(!(ﬂ):CMPLX(Q! 0,0,0y
YYZ22(T1¢195CHPLXC0:0,0,:0)

pO0 56 K=1,4JJ
YYZ4CTp1)2YYZI (L 1) +HH T, KYwyY(x, 1)
YYZ2(Te4)SYVZ2CI7 1) +AACT KD =¥ Y (K, 1)
WRITE(2,585) ) :

WRITECZ,61) ,
YRITECZ,86)(YYZ1¢1 1) e1=94KK)
WRITEC(Z,68)

PO 63 I=q¢KK

ARYYZ1=REALEYYZT (1)}
ATYYZI=ATMAGLYYZq9(1,9))
AMYYZ2i3SGRT(RYVZ4%%24A1YVZITw%a)
ATHETI=ATANCALYV2Y/RYYZ1)
ADTHETI=ATHETT1%180,0/23,4415926
WRITEC2,66)RYYZA  ATYYZY, aMYY21, ATHETY 7 ADTHETY
CONTINUE '
WRITE(Z2,462)

WRITE(2,61) ,
WRITECZ,54) (YYZ2¢(1 1)1 1=294KK)

WRITVE(Z, 640 ‘

p0 66 1=%¢KK

RYYZ22=Rpal{yyYZ2(1+¢1))
AlYYZ2sATMAGCYYZ2CT,42)
AMYYZ22SQRT(RYVYZ2**2+AlVYZIZ2x%2)
ATHETZ=ATANCALYYZ2/RYYZD)
ADTHETZ2=zATHETZ#180,0/3,14159265
WRITECZ2,6%5)RYYZ2,AIYYZ22,AMYYZE,ATHET2/ADTHET2
CONTINUF

)

]
?

1
03

FORMAT (44
FORMAT (4 H
FORMAT (4 H
FORMAT (4Nl
1ATES)
FORMAT(4H
FORMAT (4 i

F23HERROR TN po4ADF IEAlL =12,

(2C2X,F16,%8%))
(5X 1 28HAERDELASTIC MODES _
t54s53HAEROELASTIC MONES INTERMS OF

1IN BENDINGY :
GenerAapLISED COo-ORDIN

15X 9HREAL=PART 10X 16HIMAGINARY=PART)
¢?X49HREAL~9AR74SX.QHIMAG-PART:SX.?HMODULUSr5X;1OHPHASE(

2RADY 23X, 1 UHPHASE(DEG))

FORMAT(4H

PR EA2e5, 2XeF1245,2XiF12.505%, F14. 615X Fi146)

FORMAT(Y R ¢28HAERVELASTYIC MODES IN TORSION)

RETURN
END
FINISH

L.2.2 Listing of the Data Subfile DAT4

<

w o
™

{2 BN §
s
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quflng oF the Dqta Subfile DATS

LR

S 0.9¢553
0.98390

”“0.96963”WW“”;'%

- 0,95343

=, 00000
T 0,05059
. 0,03657

| 0.16075
LEEEEIT0,17799

“0.90248
o 0, 88562

0.86014 T
- 0,85315 -
T0.83770
LTI 0423559

“0,82285
T0.80860

—0.79497

. ‘”“‘1”‘0 . 20kL62

0.23000
“0.24005

TN, 78196
0 0,76955

0.248132

75773
T N.TL64L8

0. 735??
LT 0, 72559
08,7159
5g50;70671

0.25018
0.25046

0.24587

i 0 607985

_"0 68172

LT 0,68963 7

0.,24807
TN, 2LA82

"0166702‘M
f;ﬁ,ééOZOff

0,24203

T0.,65371

fO,é@?ﬁZ’f??ﬁﬁiﬁtf@:fQ:

0,63601
-;_:,:___O " 6 2 S 5 L

n' 6“ 599 DT mLTT
»ﬂ 1 60729 A;b ';:::

6.55933
2 ITTI0,59206

,- 7&_ 5?021
T0.57356

A T, 56834 o
TUTTTOL,B5499

'“ﬂ'S?S%‘ T

L EE 0, S4T62
B O 0.53%981

jola: . Q . 5 3 3 2 ? o ::_;_.4
o 0.52775

0,52307
TTa.5%9907
H,.51564

e 0 . 5" 269 e m e e i.. = “'» o

n.510146
T0.65705
0, 469331
TTTA,45229
N.AhG222

0.49287
0.49367

2yl i 0. 45439

0,49499
0.69548
N.495%90
0.4%624

15600
0. 14170

I0,12945

SS0,11890
T 0,08316

0,05051
T 0.,04197

0.03121
0.02477
T0.02051

T 0.01749
. 013?3

0.11585 7
e n, 146026 0 T T

T p.9u866 T T A
0.91956 :
nN.19248

0V 214746
0.,22312 T oETE

0. 24355 T
0.246620 T

0 2L942

0,25034 TIE
=0, 24910

0.21594
COTETTTEIT 0420942 0
0.204697
=0.20058 7T
0.19629

T 0,19209 T
n,18206
TT0L1P270 T E

0. 1435?””“?“
0;13534‘ o

_...,ﬂ.n‘A' 1.2 SQ 8 AR
oD 0.06310 0

PRI -,.,;....:.l._;- ,;M‘,O.; 0 3 S 8 2 .

024538
T, 24377

TTITEEEEN 24018




AL000000 T T 9T 000000

0.997325 . 0.050945

T 0.986780 TR, 087455

¢.97%030 0.%17705
T0L957280
6.940935

©(.,922895
(¢.906240

L163050
164430
L8240
197740

LT0NI872970
T 0,856670

0L BLOKTO

“"t 825440
¢.811000 R

TTe.796970

237450

G 7TH755

“E o G. 758545 258255

TN 7358500 e
O §.725325 T
G.715390 0,258510
0,705795 0.2584305
TUU0.696740 00256020
G.688135 0.
T;izw 679960 .7 0,254075
0
0

» 259‘,105

672980

cﬂQé&??‘“”

i 2 .= 0.2508z20
6,657738 "

&f64é655bww
956327951;

244340

.235455

.225550

Cootolzzorss
.21595¢ .
211235 TTTEEEEE

0.251925
T0.783560 - 0254775 v
CTT0.256650 0 T T

0
0
Q
. ¢.889705 o 0.210520
0
0
0
0

T R —

). 230125

. 2(,3[4.1 O e e DR B L 2 R T
2481807 T

0
e .0 A
T GL746920 T 770259085
- 0
0

2592957

255505
252370

.24L8565
0.2464095 7

239835

230370

0.206505
202640
197425

0.17718
168045

;ﬁ,52z860-~-vf;~

.51825¢0

50510095 0

C0.508945 0
CG.505695 0
U0, 493570 0
T 0.490545 0,

CEEILLA90030 N.050505
o
0
0
0
0
0

CG.4690325
C0L4690560 " N35445
DL 491455 0 T
LT A925850

“‘“”n LA9RLES T .020:¢65
“0.494208 017285
u 694800 ' 615045
695205 - - 0,013345

024580

e

ufaﬁ,495795 R SPPDP

0.144645
.9;514335' o .0.438020 oo
o 0.431875 0 T
.126175
.120800
. 083900 -
063330

L061350

187040 =

. .0 o
T 586330 T 0,159435 T
0.,451885 —~

.‘ 0 31 9 05 SR




TT0.99612

T 0.98966
O 0,97663
0.96953
TTT0.94521

0 0,92823 0
C0.91000

. 0.89379

T 0,87680
- 0.86019
T0.84404
~0,82843

1

0,714 7
0.70488

T 0.69553
0.68664
0,67320

UL 0.67017
T 0.66253
“0.65527
TT0.64L836
S0,64179

w">(_‘)'.'62*'?58 o
. 0.61851
O 60845

4277 0.53770
TTT0,52987
ZET0.52339

T N.51343
0.50060
“0.50635

m¥~ﬁj30,50125
O 0.49009
0, 48778

3 FEI 0, 68863

;w?fjfﬁ 49412
0L 49469
TRt s B A - B

0. 81340
0.79897 - =
, TT0.78816 0 T T
LT 0.,77496
D, 75936
0. 4736
S 0,73593
ez 0,72506 0 oo

TR 24277
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- ﬁ 00000 . ___
0.05130

- T 0.08876 T
- 06,11%974
. TH,145890

T0.16811
0,16697
0.,20294
Te.21642 T
Te.R2v72
CLT0.23743 o
0.24490 T T
0,25123
0.25631
=7 0,26030
0.26335 7
©0,26557 T
0.26709
b 6799
~0.26835
T0,26825
T 0.26775
TN L2069 T
TTTTT0.26577
0.26437
0.26277
1026007 TTEE
.25903%
v:_zsé95g“;;?*

0.23771 T
STEL0.23262 o0

0,22753
T0,22248
_ 0.21750

LEEETETN.21261

0.85880 0

n.2078%3
20316

0.54719

0.19202

IR EILT R
EE0V16327 T

0. 51797‘“*’

n‘15R14“””“
S PR YL T

050360

“_’.A:.,.:AA';.._O‘L8777 .

0.14070
T*iff“ﬁ 13430 0

,12837 .
o 12288

‘. ‘_'.;A;_’___Z..O,.,.é (%9 21‘ RO

B “'n 0846, T
::,.40,;" 0 6 3 5 6 ..~,
o £0,03080

0,02433

=TT, 02008 o TETER
T, 01708

R 0,0%486 0 T

0.093514
©0.01178 e
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Programs for Responsee Calculations

The response (normal or angular acceleration)
of the flexible aeroplane due to random atmo-
spheric turbulence and discrete gusts of smooth
ramp profile (one-minus-cosine) is computed -

by applying a transfer function approach.
Fig.135 showus the block diagram of the analy-
tical procedure for both statistical and dis-
crete gust methods.

Computation of Response Due to Random

Atmospheric Turbulence

The Pouer Spectral Density (PSD) of the output

response (normal or angular acceleration) is
calculated from the knowledge of the input

PSD of the atmospheric turbulence. A transfer
function representation has been adopted to
evaluate the output PSD. By calculating the
response to a harmonic gust, the transfer func-
tion of the flexible aeroplane is determined.

 The force due to the motion and that due to

the excitaticn are calculated taking unsteady
aerodynamic effects into account. The former
type of forces are those which enter into
flutter calculaticns and are evaluated in the
same way as in section L.l using Theodorsen

~expressions for lift and moment whereas the

latter types arising from the harmonic gust

are calculated by using Schwarz' solution

(see section F.2.1.2, Appendix F). The ,
generalised co-ordinates are obtained as re-
sponse quantities and are finally multiplied

by the modal functions of a specific point on
the aircraft to determine the transfer function
of that particular point. The frequency of

"the harmonic gust is varied and the transfer

function of points on the deformable aeroplane
is obtained for wide range of frequencies. The
square of the transfer function is ultimately

"multiplied by the input PSD of the turbulence

to calculate the output PSD of the normal or
angular acceleration. The method and the
sequencial operations are described in the
block diagram in Fig.136.

The response program is stored in the subfile
JRBS5 and the required data in the subfile
DAT6 both of which have been listed in sections
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L.3.1.1 and L.3.1.2. The subroutines which
are developed for the response program. JRBS
are as follows.,

SUBROUTINE EFQEF

This subroutine evaluates external forces on
the wing due to a sinusoidal gust and expresses
them in terms of the generalised co-ordinates.

- SUBROUTINE TURBULENCE

This subroutine evaluates the transfer function
- of normal and angular accelerations at various
points on the wing and finally calls the sub-
routine TURB1 to calculate the PSD of the
normal and angular acceleration due to the
Dryden and von Karman atmospheric spectrum
respectively, ‘

SUBROUTINE UNSTP

This subroutine evaluates the normal and
angular acceleration in the time domain 'due

to a unit step gust velocity - using a fourier
transform. The program calls the subroutine
UNST and outputs the results on cards allocated
to Channel 3 so that they can be directly fed
into the program developed by Purcell (Ref.96).

-Following the main program JRBS5 and the data
subfile DAT6 respectively in sections L.3.1l.1
and L.3.1.2, a sample output RES3 of the
response program has been listed in section
L.3.1.3. '



L.3.1.1 Listing of the Program Subfile JRES ~210 -

LIBRARY (SUBGROUPLAGE)
PROGRAM¢NOSUG)

[NPUT T=gRU

QUTPYT 2=L80

oUTPLT 3=0PRg .
COHPRESs THYRGER AWD LOGYICAL
TRACE ¢

ERD

fo N o

MASTER RESPONSE CALOULATIONS

iy

COMPLEX QQQ,QEF,cCy,aLFr, AWy, RESQ

BIMENSION S¢240002

XK oz VALUES ofF K AT InTEGRATION BOINTS
11 = w0 MopES 4} o= M0 MODES KK = NO INTEGRATION POINTS

READCYH 2008130 dd, K, 140, HHNY
00 FORMAT (1 0)

DN OO0 O

Jd=dg=Ta0*

1J0=1d0~1 '
WRITECZ,0) 11,dJ8K, 140
g FORMATURY ¢ T5RND wIdg MNOpFS =,12,5X:10HN0 MOpgS =,12,5X,23HN0 IHTEG

2RATION POINTS 2,125 ¢3%1N0 R16tp BADY MODES DISREGARDED Seip)d
iyt

IR TR RS TN
MEEMS+T 1w
MT=ME+HKY
HBZIF+ Ky,

MY 2B+ y
M10=MO+yredy
MTT=MTUK*
Mid=tit+1l
pi3=ptderl
b=l

i Dznléerl

MY O=MThe K
M12=0164+3J
M18z11 7411
MI9=m18411
MZO0=MID e d ¥ gy
M2V aM204 3d¥ 0y
M CuindlarKe2
Al FzmddwkKep
ML =M2 I KD
425zl bapK¥
U20=M2oakn?
MefTeMdba JJ¥ ) a%e

«
2Bl P jd v ive



O G

COMAQ

M29=14254 171
wi0zpwdP el
M31=m30aylxg]
wilmu3iu1 ¥
M33=w13247 14711
M3bzti33471
u35zM3441
M36=443043 1
Ws7=030411
M3¥=p37071

M39 =138+ 1
=13%94+71
4ht=td40411
Mbed=ttbhtey 1
thi=t1aley 1
Mebh=alerIxy
IS ESA TN ES
MAE=MLSs 3214l
A7 =450y
MAB=MET L g d ¥4 2
MAGTMAT e NN
MSO= AW Ny 1
M5 =30 nh4 gy
MOZ=RBT 4y KA
ABA=#D24 vKdny
5542t Ae K yN
‘35_ASQ+VK*ﬂg
M56=850 4 HH
M57 =450 4nH
Mha=45 f+nni*;\g<
S =2 S Gtk y
M60~y50,”u*uk
Mo =as0unNtyey
O =0T 4 M
HO3=HSHL anN
MEL=MAL LN THeK
MaS=ridbarTryy
[CURE=MAa%d e 7000
WRITE(Z,52 1CORE

211 -~

FORNATY(5»,15KCORE
67.50200)
C S{TY, 8 M2y 8 ¢13) .8
25E(MTY S0y ,S¢r11}

1F{CORE
CALL

.

IS(MIBI) 3

LMD ¢ (A2R) e S (120, 5(30) ,5{%q) 4 g

) eg(M33) 8 (H39Y,S(HAN)

536), 5 (ii¥7

SCMALY r g (M&GT5) 18 (14€Y, S
TEAMS3) S (1154) 5 (125,

k%R

RSomSE

REQUIRED =,I5)
STan

(: t:.‘!) S (Mé

83(&62>;st"<gf <no»).11,slaxx.h?
§TOP
END
SUBRUOYTIHE Qg8&PNSE ( YiB,aY, Ya4,

B UKSD2 v 10 et s Wi, T8 .42,

AW TER, Y

SAHRK e AAY , 1 g gt e KK, NE, 1T e, NTY

COMPLEX
COMPLENX
PIMENSIOn

QN

AAZTCEED) L A28, 0000) inaddy,dd8

5101115

)t &VV(EIaII‘.fV"I

MLy Sem5y,5(M6Y,5¢17),95
FSOHI2) o SEMT Y s SeATAY,S(I5),8(M18)  S(HMI?)
G118 0 S(20G) ,5C21) , 8 UHP2) R {HM23) + S (M24) ,S(M253,8(M24),
(432358533 ,8{M34),5(M35)
.‘(“'1>,:<”A°>a5(w4>,.

(MR

e S (M

R) 0 (Ma0y S ¢pS0),S(M51),8(M82),

! 'N{"i"IT)

XKy RBrAHHIHE, AA,
2AHRH ¢ ZRK e de g KSpa¥nt, XS, 419,812, 821,4£2,90,Q8¢QF, 0,008,581
”71,T*R;“whgnx“,an.orF,wgspcefarsor

FlovnRe Tyl TaReTalopulD, OHIH,FDH,&Dﬁ RVH,RVA,AAT AHT,

A11,A12:481,422,067,04.Q¢,09,04
JGEFCY, 4 LFT, ANTRESD

YCOID) oIy h AHLTTY (HOT T
IAHHCKKY Jud{gred IV r At K, 0d),
FZEOKKD g1 Cdd) pHE(NS) S UKSPCTTY p XM udpgd? o

S 50).5(“‘?3:”'”5%):S(r59) S(g0),S(MAT) .

MHH,AAA,8B8,
tFYVaepy

JY AT ) s XK(KK) s BR(KK) ¢
HHHOT DY JAAACTTY BB (TT), AHHN(TITY
sCJgsJdd) A9 (KKD

ORI pd ) sy (I (YD), SCTY, 000, .

MRS T Y e TA00T ) o TACTTY ¥

1Y, Talr D)
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e TRCEI L TTI ) e TTA O T UM 1) IV (1 Ty g)
alﬂthﬂlnn QQQiKV)fﬂf%(JS,?);V*Q:CE(IJ)IPFEQ(JJ:1)

- O

C . [l
¢ ' . .
CODIMENSYOK Wu(HI,TFR(H Y e TETIN G) , THREKK, M) ¢ THI (KK, NY , TAR(KK N,
PYRTCKK iy e PTDCRYy rPHIV Y e ROHIN KKY (RDA(HIKKY tRVHIN KK) A RVA(NKKY s
qAT\\«:xhsC$>:AFV(KTIKK)iﬁAY(N?IKK)
4 FORth(SXfTQHAiRﬁ€NQITY =,E90,4,5X,26F8TRUCTURAL DAMPING COFFF =,F

15.3)
READ(3;301)Uaqu;WGrSLrrﬂrDT THY,RO,GrSpA
READLT, 201 )¢y (1), -a,II)
READCT, 2092 (n(Y) 19,11
nEAD(ﬁ;AO1)(A?(I)lI 1;1:)
READ(T,20T) ¢ (1) I=1,11)

201 FORMAT(2DFO 0D
. h?ﬂﬁ(qgﬂuz)((q(l,J),I~1,I[),J 1,11)
h»AUKT;;na)(u(l) I=1,4
READCT,202) ((XS3C¢1,d),1=9,4d),d=1 J)
PEADCT s 202 (XM (1ed), 121,00y,
READ (44202 (LHCISdY, 151,110 ,4=

)
Y,J
JJ
PEADCT 204) (CACT, ), 131, 11) 44 J

C 1
[ ¢ \
1, )

2ne FORHAT<1?JF0 0)
{. ! .
G
{
C ! .
SYUP=COS(SPAX3 14959247180.0)
(N :
¢
WRITELZ,44) ROYG
WRITECZ, 82D
PO 22 l=44dy
22 wCIy=i(yy=6 233185307
C € »

CLEAR ALl DFF=DTAGOHAL 7TEaMg Inx Xg alD xM

TFCIJO, 0.0y AS(4142,XS {

IF(rat, ey X5(101)=9,

pd 200 11i=q,dd=g

DO 200 wxkuy1iivi, i

XS{r1i1,4eQ2=0,0

XS(KKx’III)xGOO
(I117¥KK)=0.0

260 "’!((\i"‘lv'[i);:‘} ]

¢ CLEARTHNG OF DFEDTAGDHAL YERuS 18 Gvgp
WRITE(Z, 22)
AKEK=z K K=Y

DXELYCI1y=Y (1)) /aKK
DO 5 Kzq,KK

AK=¥wl
5 XRELY=Y (1) +pX*AK A
' CAalL FTRALCI Ty Jd K M2 0x Y NKIH AR, AH HE A HH AR, BB AHE Y

THHH  ARA, 838, alii
WRITE(2,82)
8o FORMAT (/72
DO Y0 Li=1:Y4
WFEE(L=1*0uf
WRHCLT ) =g
CALL ATrMAT (1T J0eKK RO, DX U, WF 2K HH P AA,EB, AHN'A11:A12 A21.,422,
1QUNF Sup?
¢ EORM FLUTTER DETERHINANTnQA
I)O f'(\ )' 1r\.;
(\G SG J 5 "luJ : 7
51 GAl . ) axnly, J)*'"th’L*fo)vw{tﬁ*cﬁp‘x 0:0,063)4%xSE1,d)~0F 7, 4D
cALL *}DFr(l{?JdlhKl QenXall IUFOVH‘N,IhU:ﬁ“”gaqqegﬁp:wv)
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858
864

857

862

851
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{FALL 5 0 - :
CALL FOLADF(OAY g rQTF el g o dd A REQQy jaeWesPCE,IFALL)

CpFCIRATLLEQ, DY GoT0 120

WRITEC(Z,110y IFarTL
FORBATCOHFATLURE T = $,15)
§TOP -
CONTI®UE
n0 732
TFR(LI G
TFICLIe gy
CONTIﬂUE
COHTINUE
i?JfF(Z.?b?) ‘

FORMAY (qu s39HADMITTANCE FUvrTIP\ O THE DISPLACEMENT)
WRITE(Z,85d)

FORMAT (4 H s4HHODE O], QHFRCOUphcv,:x QHRFAL=pART,5X, QHIMAG PART:qY:
19HARS=VALUE,SX 6 HSQIARE 6 Xy 84PHASE(R) 14X, BHPHASE(D))

FORMATCqH 11304 XK, F7.242%,40F94.,5,1X),2%,2¢F3.3+2%))

WRITE(2,837) ;

FORMATCqH 139HADMITTANCE FUNC:IFN OF THE ACCELERATION)
WRITE(Z,538) '

PO G062 g=1,44

PO 862 1=144,4

09=Uw (I

A;"th(I,J)*Lle‘**’

yﬂ—Til(x,JJ*w‘(I‘**‘

SAGaRZ 4 BG el

a9=scRT<c9)

IFCARS (40, LT.0.0007001y AS=0,0000001

E9=AY§N<89/A9)

FPSE9 %R n.0/ 413926

WRITECZ,&51)4d4 WC JAG,RG,n0,CO,E9,F9 -

CONT INUE

nQ 881 1=1+3

FFCILEQ. 425 1L=75.n

PFCT,56€, 28121500

1FCTL,EQ . 3)S =300 0.

cALL TUWRJL"HC&(H”pTFRpTFI:HHaﬁﬂ,THR:THI:TAR,TAI.pHIDrPHEV«RDH;

“"LlJ
REAL(RESQ(J 1))
ALMAG(RESQ(Jd 4y)

[} Il 1]

ARDASRYH, pVA N JdT KK, UG SLe U, HYEFD

CQNTIVUF

CALL UNSTOCUW e TFReTAToHY AR THRTHI,TAR, TAT, AAT AHT JAHN ALY NaNT,
I I KK e T, 2T, THX, pWE)

sTOP

RETURN

END

SUBRQUTINE pXTR ARPC T 1 dd KR 720 DX X o XK Hy A B AHvuKoHN.AAeBRfAHHv

THHHAAAA, gD B, AHHA)
oimgwsxue /(Il)IAK(m%)!Hf‘InUJ)lﬁ((!ldJ)lB(T!)lAH(ili!Hﬁ(NZ);

AHHLEK e Y s ARCRK, 1) a8 (er) g AHRCKK) p At (11, ARACTT) ,BBB{TY) fAHHH (T
21 :

N=T =1

DO 154 £=T,KK

XD=¥K ()

1F (K. 67.1) x2axk ) =XK{p=1)

nd - 100 J=7,44

60 102 121711

HHBCIY= 5010 y)

CALL qugAF(x,HHN RS RFEFIE AL,

xned, :

nv(w,:)~;\<\a>

pu 25 1214911

AYALIYZA¢T e )

,QIL,(“J%A’X'»‘V S Aa ~*'}§3K‘;?'Ia.:‘1'".",e‘”*§f*t 3}

LATRAR
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ANCY,

CONT AU

o 130 3127411

#BE Y= (12

CALL TO4AAF(XeBUupneHy, 1T, 82,8,0,09
BR{KI=Hy (H2)

AHHJ(I)-AH(r)
CALL 'UlAAF(/.AHHH,JK,II,HZ,N,C‘Q)
th(n>=aKcﬂz)
CONTHUE
RETURY
END

SU“*“’T'NE AIR“%T<I:.JJ KKeR0o DY, Yy UF 2%, RH, AR BB AHHS AT AT2,A2T 4
A2, Q00 0F ¢ SUP)

COMPL A AT ,AT2,0271,422,0Q,0F

DIMENSTON Hu (KK, 440,34 0vK, Jr),ﬂﬁ(kﬁ},\ﬂﬁ(KK).A11(fk) A12 (KK)
VALY (KK) 222 (KX) 2 00¢-00) pafr €Iy, 03, 2K (KK)

PO 209 v=1sgK

ZKLK ) =R ¢k xW /U

CALL ATRCTF(UsRO,ZKIKD P AHH(K) 1BR(KD, A]1(V>:A1Z(K3:A(1(K\ A22(X),
2gLip)y

{‘nr\TINUF

p0 304 L=1404

ne 309 r~1aJJ

D(‘ 250 v=lgeR

e {K)= \17\K> HU (K LY EH (K 1) #3299 (Ky HHLE , M) ws Al , L) ea12¢K)®
THHIK, L) aA (g, 1) « A2 K wAAL Ly £ AA (Y 1y ‘
CONTIHUR ' e

ALL STHPSH (K€ 04,2098 ¢CL 1))
CONTIHUE

RETURN

END

SUBROJTINE 57MP3n (K, HR, Y ADEA)
COMPLEX YiAREA/OpD,FVEN
DIMENI (N Yeyx)

HK ~4183(lx)

ODthﬂ,u,U 0)

FVER={U 0,0 o)

no 14 1~1. K*ZfZ

N0D=209Dwv (I

EVEN=aVen4Y(1+1)

AREA=HX /3. 02 (%, 0xEVYE N+ 2 OhQQQ#Y(KK)w¥(ﬁ))
RETURN

END

SUBRO.}T!N’E f\!‘(“r(”,p»; ‘f’,' ,r:‘ r«11;ﬁ1‘£,,&21,*’\22'gun)
COMPLEX ATT,a12,4817,422,¢11,012,¢0K
CALCULATION 0F TuEOLORSENS pUNCTYIONS
TFUXK. Ny D) GNRTUS
CKEOMALE(140,7,0)

6g0T0 50

1F (Kﬁvh'#S) 10,20,20

CA=0,0655/XK :

ci=9,5/ vk

G070 40 ;

TECKK=0,3%) 39730.35

AN
1
)

Q:’E{‘I}- 9!’:‘5?5""} YA S A QWA A4
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cru{g,29+0,2: XK 71XY
GOTa A |
CARD, 44 P XK
=0, 32/74X :
C1»~Ci” 01,20
Ci2= L‘Vaxti, ~Ch) ,
CK=1,-0,165/C15-0,335/C42
CONTTUUE
CO=3,14157265%0% Ukt
A11'f)*(nxﬂkxﬁ+2,*CK*CM&LX(G_G,XK))
A11—-a11 ‘ .
A’g JqfrrgLX(APwAK*V a2 7 CexCrp L X, s Xy (0 S=AR)I ) =B
ATZ2==312 o A ,
A2TaCnN*p * (2, oRECHPLYCO, B, XK (0, S+AH) Y " XK*XK*aH)
CA=C0=EnxB
REL=CX¥ (D% (). S*AH)*PA*FVPLA(1-3 XK# (0,5 AH))*CHPLX(XK*XK/S +XK
1*XK*A‘t“u,(Aa~h,r)rxv))
EFFECT nF SWECP 38 TAKEN INTO CANSIngRATION
A11=AT1254P
AT2=A%2454WP
A2T=A2Tx5WP
A22=A22+5HP
RETURHN
END

w

SUBROUTINE EFREF(IT, JJ KK RO, DX Usdr , HH, 4A,nBANN,
1068, F, G)
COBPLEX W4 rHO2CCTLALFT AT QU aRFT1C

REAL JO, 41

PIMENSTON QaQ{KKy 028 ¢J0,1), H”( Kad 4y s AR (KK, Jd) ,B3¢KK) , AHR (XKD
CONS=irates a*ATaNCT.0) % 1HGERO% 208 (13- 043741597450,

[IC=cHPLx¢d, 0,1,03
pe 52 y=1,4d

DO 53 K=1¢Xyg
2ESRE{KY wdF /U
JO=S17ANFL2K)
J1ES17AnR(20)

GCT= C”DQ((1 00,02
TF2K,. 4,0, ﬂ)nJ T 54
GO0 TO 5? :
1F=

vousSt i Arr (2K, I8
1F=Q

Y1e817 Ay F(ZK 1F)

HISJt T 10%Y
HO=J0-110*%70

CCT=HA/ (HI*+TI0+HA)
ALF*~5"'E:*>w~A>*<'cﬁ*r“pLX<19:v11>*C”PLX‘° 0rdqd))

hgﬁT""“LFT*Bj(f)*(U|,r.4'ﬂill( ))
(‘(‘Q(()- ““.{(KIJ}*t’\i.FT"'i'.\(%:'J)*AM‘T
Call  StuPSNiKK,aXsnolraeFly,1))
cUNTIuUF

RETURN

END

SUBROUT NE TuRBYLENCECW, TFRyTFL, wHsAa¢THRITHI TARY TnIlPHIDIpHIV,

1‘207{ Rl’r-‘s,’#v” RVA'*\]IJIQE\V\;JGIQL' P 0 W)

RESPOISE TU TURR ULF)”E

pIMENS IO (“J;T-<< aJJ’:TFI(”:Jf)rHH(“k,JJ).AA(K&:JJ) THP(xrs
3N
1;THI(KK,w)rTAP(K’!”),nA.(kk;.>19H19(N):ﬁH!V(N)!ﬁDH(N:

PR
- TRKES - - - R PR R RN
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wth(‘,;/1;2w4\ﬂ,xn,>QVA(N:KK)
NENO OF T4Tg, POUNT

4

¢ NENO Jr FREQUUENCIES &S wpll
¢ Jaskd Op POpES . |
c Vﬁ_.g Qa POpaTS o HiNGen0® 0f I47Gs pOINTS np STACEVY)
¢ MULTIPLY THE READ AHD THaGINARY SARTS OfF THg T,p, BY MODAL MATRICES
¢ THEN HULTIPLY 8Y ~{u(D)wxd) FOR ACCELERATION T,¢
€ ‘ ‘ -
¢

b3 4 xwﬁ VK )
¢
C 7

b0 4 d=zq N v

4 THRCI Y, THI(ITdY e TARCTI LU e TAI(N ) =00
) ' ‘
C.

pe 5 JI=q4,KK,5
¢
¢

n 5 Jﬂﬁ,H
4R(1 a)~1ag<1 YRHUCT k) ETERCI k) * (=W g) wD)
THICT Y =THI (I ¥ HY LT o) *TRT (I i) w (=W () %k )
TAR(Ted)= Tﬂnczc YFAALT ¢ W) *TERCI K)o (=b () %))
5 TATCT ¢y = TAT (T FINHAACT I TEICS S ) 2 (=W () %wD)
GCALL 7Ugg?(ﬂ§,sL Uy pusPHID, PHIV,. 7 Di,RDA,RVR,RVA, KK, N, Y,
2THRTHL,,TAR,TAL) v
nETURN
END

J
J

¢
Castrwn
c -

. SUBRAGTINE TyRB1(WG,8L,y, 0w, PHIn, PHIy RDH,RDA/RyH, RyAa, KX, N,y,
GTHR,THYI, TAR,TAL) .

DIMERSION Pyrb(n )gPd;d(u)aRnu(b,kk),RDA(MoKV),RVH<N,K?);»Vﬁtwsks)

DIMENST o M(NI T THR (<K NY THI(KX;N}:*A‘(Vki%):TAT<VkaN' :

FI“ﬁ.'ﬁ“?“ﬁA

CONST=UHas* 2«8 L/ (%)

WRITE(Z,99)¢L
90 ;OR“el(‘n 10X 1 3HSCALE~LENGTH=, F8,2)

WRITE(z,7) '

7 FORMAT(MH r5X 9HpREQUENCYISX,14HRRYDEN=SPECTRA IS 14HKAONANSPECTR
3A)

nd 5 Is= ';iN

X=Wl{pivg /U :

PHIDCI ) o(ONST (1, #3,«X¥*2) /({1 £X**3)*%D)

PHIV(I) maUNSY* (] #8, /3, a1, 33980 %820/ (1.4 0].303)) %2 2% (41,/4,
5)) '
YKITELZ, AYW (1), PHINCY) oIV (D)

FORMATCAH rS5Y1FD.2,5X:E94,7,5%,614,7)

CONTIHUr

I AN v

b0 & I=<,KK,5

Lae]

WRITYEZZ, _ '
g ;owné.(ﬁd ra3HPOYNT ON UING,gXronFREQUENCY eqnX 45 HDRYDEN=RESPONSE s

A10X A 5HY AR AN RESPOHSED

P ) xER2HTHICT, ) % 2) w08 ID¢y)

p Uy EEPFTATLY Uy R ey ¥ pHIN ()

PP EDFTHIC(L 0 %2 unlyey)
JI22eTAa (], I wwaienuivey)
)r?)H(J,1),RD\’},I3 RVF(ioI) RV A(
. 71

FG 2009, F11.10J¥1Cﬂ1 L5 KiF19.

"
ROH(J, 1y=C
QDA(\“’I'\:(

v ) NPR D
ﬁp , ;0<°AT(fVa1 ?§,Fai 4
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CL)\ [ inuf-

WRITECZ,13)
FORiAT(q4 :3HKK=,ZA)
WRITEC(Z,40)

FORMAT (44 ¢rg2HMEAN SQUARE LINEAR ACCELERATION USING DRYDEN SPECTRA

CALL SI1pSONe (N, DY RoHpAREA )

HRITE\?£1f

FORIAT (4 H r53xHMEAN BeUARE ANGULAR ACC ELFQATYON USING DRVDEN SPEeT
HA) |

CALL S1pSOni (N nW;pAraREA, )

wrRITEC2, 18) ! '

FORMAT(1H ,521MEAN SOUARE LINEAR ACCELERATION USING KARMAN SPECTRA
7) ’

CALL SIpoSQOyi(N,pWervilyarEA,J)

YRITE(Z2,492

FORMAT (o roamMeal SQUARE ANGULAR Ar"&LERATION USING AARvA% SPECTR
AA) o

CALL ST1pSOu1 (N, pW¥,rVALAREA, D

cONTIHUE -

RETURH

END

SUBROUTTINE SINPSONA (HDX,ViAREA,J)
DIMEASTON YN, )

0db=Q, 0

eVEN=D, 8

n0 3 I=q,N=2,2

00D=0nnav (L, )

EVEN=EVEL+Y (1+9,4)

AREASDX /B % (L % TuEN+2,%oRd+Y (N )" Y (1Y)
RREA=SQRT(AREAD

WRITE(Z,4)AqFA, 3qEA

FORMATC1H (18HMEAN SQUARE ACCLN=,E14.8,5Xr12HR,M.S VALUE=/E16,58)
2 ETURN

END

susrIyY e ”qblP(w TeER, ?;"‘A'AA'THQ'TH!'TAR'TAIJAAT,AHT;ﬁHX,AﬁY,
T eNT I, Ky T0eDT, THY, {)‘al)

RtSDO?\F TO GNIT STep
pIMENSTON W(NysTr R(., Jy s TR gay r ke, JJ):ﬂA(KK;JJ):THR(KK:H),

TTHT (KK ) pTAR (KK, N) , TAT¢x Ky dAGT (Y
DIMEHSYAN AATONY tAHXCHT, KK)Y , AANV(NT  KK)

pe 4 1=q KK,§

DU /d- \‘~|,N
th(ll\’)lTHY(IlJ)lTA"(zIJ)'TAI(I'J) =0+« 0

DO § I=q,KK,S
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80§ JTA N
ph 5 K=, ‘ B
THRET )= TRRCIFIIFHA(T )2 TER (S kI H (ki ())
THI(1cd)ﬂTH1<1¥J)*HH(IaK)*T;1<Jir>w(nw(4))
TARCTpd Y= TARCIAIIFAAL T eI *TERGI A I (=W (y))

3 TALCT )y =TAT QI T Y AACT R RTET G (R % (et (1))
CALL UNSTC(THR THI eTARITATZAHTIAATITOLOT N d g WoRKTHXDU,NT,
TAHX P AAY) . | . ‘
sTOP
END
¢
Cerwtd : : )
c | | . |
SUBROUTINE UNSYCTHR, THI, TAR,TAI s AHT AAT, 70D TN dd oy KK TMX, DUy
NT7AHX X £AY2 ; ) ‘e s A. N). -
IMENSTON TYRCKKINY THT (KK, KDY AHTONY JAATY(ND 1
DIMENSTON TARCKRINS STATCKKIND fARX CHTIRKD ARV CNT,KK)
PIs3,1445926
c , b
¢ o
: 00 18 I=1,KK,5 .
C .
¢ ) .
’ WRITE(Z,10) 1
14 FORMAT(1H 115

WRITE(Z,8)
5 FORMATSA N ¢5XrbHTINE, SN, 2THVERTICAL ACCELERATION,SX,.20HANGULAR ACC
1ELERATIN®)
DO 18 LzqiNT
T=lLr154pT
pO & Jzmq M

AHT (I STHRCOT ) * o TH CUCIY « T wTHT €1 0d ) «C0g (W (1) *T)
A AAT(J7=TAR(§:J)*SIN(w(J)*T)*Tﬂi(IeJ)*CQS(w(J)*T)
' CALL STwpSON(NTDUsAHTYAREAR)

AREA=AREA/P] :

AHX (L Iy==AnER ‘ :
CALL STupSONC(NYDLIAAT I BREA)
AREA=DR=A/PY

AAY (L1 1)=BREA
WRITECS,4)T,AREA,BREA

R R R

FORHMAT(4H 1oXrF6,31340E46:8,90X,816,8)
8 CONTINUE
DO 21 1x1,KK,S
WRITEC(S,22) TiX
no 219 L=zqriy
WRITE(S, 22 aHX{(L, )
22 FORHAT(r20,6)
21 CONTINUR
C
C
DO 23 1=9+/KK.5
t
¢ L
WRITE(S,22) 7MX
’{)0 23 L=ty
WRITEC(R, 22YA8Y (LY 1)
23 CONTINUg ‘
RETURY
END
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]

SUBROUTINE STMPSONCH, DX,V eAREA)
DIMENSTIaN Y (i)

obp=90,0

ﬁVEN:OQO

pG 3 1=4,N72,2

onE=000«y (1)

3 o FVENSEVENTY(]+1)
AREas= D</5.*(4 *ivLN+g.*ﬁoD¢V(N)vY\’))

RETUR
END . i :

wwx END OF STREAM CA5045 615
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Computation of Response due to Discrete Gusts

The computation of response of the flexible
aircraft to discrete gusts is mainly effected
by the use of a program recently developed

by Purcell (see Ref.S6). The program evaluates
the response to a single and pair of smooth
ramp (one-minus-cosine) gusts when the response
to a unit step is used as its input data. The
theory of determining the response to a unit
step from the transfer function of the aero-
plane using Bromuwich's integral has already
been explained in Appendix G. The response

to a unit step gust velocity is calculated
within the subroutine UNST of the program JRBS
(see section L.3.1.1) and the results are
printed on cards via output Channel 3. These
cards are fed as input to Purcell's program
which investigates the critical cases due to

. a single and pair of smooth ramp gusts respect—‘

ively. The left hand side of Fig.135 ocutlines
the computation procedure in the block diagram.

A typical sample output from Purcell's program

is listed in the following section. It is to
be noted that in the output listing the unit
of length feet (FT) is to be read as meter (M).
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L.3.2s1 A typical L‘>\ample of Output Results from Ppurcells Proo*am

CAIRCRAFT PESPINSE YO SMOOTH RAMP GUSTS

q-’ﬂ»ﬂn-ﬂ”m—‘ﬁww"ﬂﬂﬂpﬁvl‘dﬁ--"ﬂ\-{&'.-“Q-’-!et~~mﬂ

ATRCRAFT vELOZITY = 30, FT/z3EC
RAMP RESPONSE CALCULATFED AT 0.05 SEC INTEVALS Up r0 T =  5.00 SECS

GQsTs oF LENGTH H < 15 FT ApE EFFECTIVELY 3vEpsy
SUCH HCI) IN THE DATA ARE IGNORED .

CiBI1C SPLINE <17 70 STEP RESPANSE

T F(T) © DE/DT NeF/DT2 DIE/DTR
00,0000 00 1.1518E 90 8.3413F 01 “2 33528 03 2.0R00F 04

"5,0000:m02 5,0244E 00 3,051 00 =3 _48514F G2 2.9800F 0L
1.6000e~01 2.7837E 00 -1.i031€ 00 ALOLRIE P =2 7189F 04

1.50006=01 2.96872E 00 -2 5471 00 7 Y450 02 1.9996F 04
2,00002-~01 2.3338E 0G -1.4682F 01 2. 41%9F o? =4 . 4%07F 04
2.50007-01 1,6668E 90 ~1,65806F 01 % Y414E 2 7.67658 03
3.0000g=01 4,0772E=01 -2 /4B0E 01 & T186E 01 2.72590F 03
3,5000e=~01 =3 . 9522E~01 ~1.6497F 01 i 8044E 472 -4 4L727F 03
4,.00008-01 =1 ,0851E 00 =1,5081F 01 =4 3LURE A S.4565%7F 03
4,5000E~-01 =4.6222E 00 -4,7985F 00 % OTLYRE 02 =1, 0386F 04
5,00006~01 =1.6100E 90 9.5795¢g~01 =1 LLTRE 02 8.77246¢ 03
5.5000:~01 =1 ,.53610E N0 4.63728 00 2 9970k 2 0 =1,0073F 04
6.,0000e=01 =1, 174%LE 40 6.6%309F 00 -2 TACSE 02 8,4A137F 03
6.50002-01 =y 3250E~01 6.%504F 00 2 DR73E 02 ~3.1817F 03
7.,00006-01 =5 . 1451E=01 6,7600 00 =2 00458 &2 6.6900F 03
7.50008-01 2. 8758E~01 5S.1050¢ 00 t 34458 2 -5.0773%3r 03
8,0000£~01 2.9580E=02 5.4659€ 00 vt 1Q71E 12 2. 3%09F 03
8,5000¢=-01 2.2284E~01 3.6551€ 00 4 T284E 04 w2 3656F 03
9,0000g=01 4,1538E~01 3.0620F 00 =7 10G2E 1 1.32002F 03
9.,5000F~01 5,0860E=01 1.,2497F 00 =1 _4LQ2%E o0 -7.46%106F 02
1,00008 00 5, 9346E-01 2.7375F-0N1 3 98545E (1 1.58905F 02
1,0500¢ GO0 5.1853E~01 =1 . 5847F 00 =% 15¢3E 01 8.6118F 02
1.1000¢ 00 %, 1924E~01 -2 .:879F 00 1 1466E 71 ~9 . 4032E 02
1.4500¢ GO 3.1100E-01 ~2.65998 00 ~3% 5550F o1 1.35578 03
1.2000¢ 00 1,619 0E=01 -2 . 7427F 00 3 22%7E o4 ~Q LE82F 02
1,26008 00 4,5294E=~02 =2, 3169¢ 00 =1 S520LE 04 8 .R8322¢ 02
1.3000: 0C o Q070E~02 w1 _ 3481 00 2 3Q5TE 04 «9 _ H5486F 02
1,3500= 00 =1,3802E~01 -1.%438E 00 ~4 37:6FE 014 9.9769¢ 02
1.4000; 00 '2,0256E~01 7 .45594F~01 3 60VGE N4 =9 Z26A09F 02
1.45008 00 “2 . 1602E~01 1. 3861F«N1 -1 D205E 01 5.7%26F 02
1.3000; 00 =2 2377E-D1 6,7493E.02 1 _84LH7E 0% . =3 5000F 02
1.,55008 00 -2, 0431E~01 5.7056F01 * B8572E 4o 1.0128€F 02
1.60008 00 =1.7100E=14 7.40026~01 6 7212E 0 =2 0KL0F 02
1.65008 00 w4 2854LE=01 8,5559¢~01 =% 6986E 00 1.4688F 02
1.70007 00 ~8.732iE=02 8.5425€=01 3 6433E 20 =1.2961F 02
1.7500¢ 00 "%, 2755E=02 8, 7450F~01 -2 8353 0 ~1.16R6F 02
1.80008 GO 5 0700E~03 5.4291E~01 -3 R2A2E a0 2.2597€F 02
1.8500¢ 00 1.7747E~=)2 4, 7397E=01 2. 67065F 00 =~2.0092F 02
1.9000¢ 00 3.7661E=02 2.5510E«01 -8 0253E 00 9.6373F 01
1.9500¢ 00 4,393LE-02 6. .30609Em03 =% G0A7E G0 88,8069 06O

2,00060r 0C 4, 0574E=02 ~1.5753F-01 w3 666LE A0 7.5%94F 01



2,0500¢
2.9000¢
2,9500¢
2.2000¢
2.2500F
2.%5000¢z
2.3500¢
2,4000¢%
2,4500¢
2,5000¢
2.5500¢
e.,6000g
2,6500¢
2,.7000¢
2,7500¢
2.8000¢
2.5500€
2,9000¢
2.9500¢
5.0000€
3,0500¢
3,4000¢
3,1500¢
3,.2000%
3,2500¢
3 3000¢

3.5000¢
3.5500;
3.6000¢
3,6500¢
3. 7000:&
3,7500¢
3.8000¢%
3.3500¢
C3.9000¢
3,2500¢
4,0000¢
b,05008
4,1000¢
4,1500¢
4&,.2000¢
L,2500¢
4.3000¢
4, 3500¢
L, 4000¢
4, 4500z
4,5000¢
4,5500-
L,6000¢
4, 6500¢
4. 7000F
4,7500¢
4,30005
4,3500¢
4,9000¢
4,9500¢
5.,0000¢

00
00
00
0a
00
00
00
00

00

00
00

00
00

00

00

00
00
00
00
00
00
00
00
00
00
00
00

> 00
2 00

00
00
040
090
00
00
GO
00
00
00
00
00
00
00
00
00
00
00
00
00
09
00
00
00
00
00
00
00
00
00
00

CAPERE-N2
L1360FE-02
L6654E=03
.1399E ~02
-a,és?nE-OZ
“5,7930E=02
-4,6178E=02
=4, 9050E=92
~5.2614E=02
=5 1098E~(i2
“4,524%3E~02
4.1927E~G2
=3 6450E=02
= . 8952E«92
»2.5101E=02

u?\)'d‘a

~2.2020E=02

1.7184E=02
=1.67Z0Em{g
w4y TR32E=(2
-1 ‘61?[;E"02
“ﬁ 810RE=N2
= 1130E=02
"* LI358E~(2

- 3453E=02
-: GLERE=02
L6103E-02

“3 681aE=02
“: BELEE~{(2
- 723%E~02
2. 644LLE-D2
=i TAZRE=Q2
’5_553?5*02
2, 4164E-02
=:.5085E=02
-2.3697E~(2
=2, 2254E~02
-2, 3530E-02
¢, 2B37E=~02
=2.,1712E=02
=7 .3314E=02
2 . 324AE=(2
=2, 2124KE=2
=2 3715E=Q2
=2,392nE=02
=2.262LE=02
-g_ngﬁxsmu?

2. 4280E=-02

--2.2?17E~02
-7 . 360TE~02

-2,6197E-02
3 2452E~02
= 3146E~02
=2 39QRE~(2
-2 2134E-02
=7 2608E~{2
=2, 3AGKE=02
=2 1975E~(2
~2.2227E~02
- 364LRE=D2
«2,2007E~D2
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-1 . 7"660E-01
-3 . 0654F=01
«3.35342¢-01
-2, 4HT62F-01%
-2 ,7820E8-01
w? S LALLER01
-9, 2359FEw02
b R62E-02
~3 K460F-02
9.5124F=02
9.6548Em02
7.U962€=02
1.4666E-01
1.2092E~01
5,1140E-n2
9.0424E=02
6,.:351€E-02
-2."832F=02
1.29009E~02
2.9399€=03
~6 ,5236E-02
~2.0407E-02
-1 .0120F=02
b S031F=02
-2,9595F=02
1.7399F«02
-3 . 9480F=02

-5 CAABERND

3.7869€-02

=1, 44L78E=02

4. 0506F=03
L 5994F =02
3 H5G7RE~03
-1 . 7?613F=03
L %90S5E~02
~5 7998E~-03
=-1,9640F~-02
3.5407€<02
~8.7916E=03
~2 BR7ZEmQZ
2.4070E-02
-6.15891F-03
=3 *4LO0PE~02
2,5818€E=02
1.n066€=03
=3 1267E=N2
2.355844E-02
1.G6826FE=02
=3 027702
2.7482E-02
1.7999¢-02
-3.0604E=02
1.7059E~02
21 4293E-02
~3.2002ZF.02
1.u824F~02
2.5506F«02
‘2.314;166”62
~1.5239€=~02
9,4282E=02

1.1033E a0
= 3090E 0O
L‘QESQE a0
=t Q3VOE~(:1

=1 _.02¢5E a0

2. 7801E 00
2 9030 00
=1 6LI1E 00
2.5312E a0
2 TLAZE 00
=2 60%2E Ho
i _S7Q8E o0
1 L4K0E OO
-2 &772E 0
3 1417E-01
1 BB55E a0
=3 0085E 00
-3 S8BLE=-OY
1 PLASE 450
«2 . Y473E (0
=6 QQ7RE=r1
2 2650E 0O
1.8508%3E 00
=8 1005E=01
2 5084E D0
=1 (0289E ¢¢
t

Z2 ZLASE 060
=% 9F14F~01

T AL607E 1O

2. 1610E 00
“3,6415E'Qﬁ
=1 . 7515E 0O

1 8&370E 0
-5 03%31E~.2
* QFVOE (G
4 88438 NG
X 7T758E~01
0&"5E 10
BLP3E GG

TRA0E~01
_0subE o0
0SL7E G0

1543 (0
047 RE 00
eT7HAERNT
CA645E 00
G8*1E 0O
LLORE=N1

1 F7RI4E 0O
=< B8H7E NO
=& 3LOGE=ND
1T 969%E 00

] 1
[OURURE S PR S

L] 1
N

L

w4 7206F G
-4 9124

E=1
2_2043E 00
~1 S770E 00
= QP 8E=1
1 2270E 00
3 0749E DO

i 0QR9E GO

"1.48095
2.1454¢8
»Q 72303
=1.6745¢
7.6193¢
2.4872¢
=0 (G22¢
8.34864F
L. 1797¢
=1 ,0687F
8.3659F
=2.6363¢F
~7.8503¢
4 3764¢
L _3694¢
-9 7580F
5.2993¢
4. 2147F

. =7,.7915¢€

2.8950€E
R.9205F
~7.5440F
1,3804%F
6 61812
-7 (7L&F

02
0e
01
1
01
00
01
01
0o
02
01
00
01
01
N1
01
01
01
01
n1
01
01 .
M1
01
01

4, 6ﬂzf5n01

6,704L8E
-5,8723¢
-1.7352¢€
F.2L52F
-5,0520¢
nr2 YPLTE
7.,477ne
=3 HULAHY
-3 0350%
7.172L2¢F
~2 . LT34E
-4 HhbeE
6,K5156F
1.9337¢
=5 L799F
b6,2%RLE
4.9940F
-6 ,3GL3E
5,5413F
1,4733%F
-6 ,3912¢F
b, 6521F
2.7769r
~7.2:83F
3,5%L6F
L NE6TE
~7.,3210F
2. LS8TF
5.3911F
=7 ,85625F
1.0143F
3.6937F
3,6037F
T.6C37E

01
01
a1
01
01
04
01
41
04
01
01
81
04
01
01
01
00
01
01
01
01
01
01
01
61
01
]
01
01
01
01
1
01
09
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