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1. The Pilol’s Problem

The question of what medlmum speed to fly in srder
toy prevent high altitude futter has been ahot subject of
discussion among experienced wave fiyers for a long
time. It is not tevial becauss o ballout at altitudes with
onutside temperntures of -70° Cis a considerable hazard
in itsell. The question is: Does the red-line airspeed
apply to indicated airspeed (IAS) or to true altspocd
[TAS) es faras uttiee at high altitude 18 concemied? Of
iz there an in-betiveen limil?

It is no overstalement to siy that presently there is
widespread confusion on this fsue, not enly among
pilots, butalso inthe soaring liemture (see furexample:
B, Puchtler, Sparing, Macch 1990, p, 6; M. Marton, Saar-
ing, July 1991, p.4: 1. Kuettner, Soaring, Gctober 1991, p
7; L Hoffmanm, Soaring, 19%3; in press.), Expert pilots

hrwe made contradictory statements publicly, inbooks.

and joumals. Puchtlerguotes M. Palmer, C. Herald, and
5. Sinith, and that s aely I the TLSIA.

The problem is specific for wave soaring, As the
mountainwaveisstationary over ground, wave smaring
always involves lying against strong winds. Almuost
every high altitude night at some time needs to pen-
otrate againgt such winds, Typical examples for stich
needls are:

s to locate a Bt paximum,

* to reach wave lift of a mwutem range farther
upwind,

* to resich the primary wave;

® lp lzave a seévers wave downdmit,

* to descend quickly due to equipment failure,

* {0 retarn quickly to base berause of darkness,

iid

= to avedd landing in rough lermain.

In many of these cases the tempration is large o fly
near the red-line LAS limit (In the wsually smooth wave,
this could even be the “smooth-air” reddine.). How-
ever, at 40,000 feet, the TAS1s almoest precisely double
the 1AS. If the never-exceed airspeed, VE. s - lypizally
=270 ke, a pilot sy interpret this as allowanceto fly
a TAS of 540 ke /h (300 kaots). In tuen, I Vg applies
to the TAS, the wave pilot at40,000 ft should not exgeead
an 1AS of 73 knaols, often not sulfldent to make notice-
able progress against the upper alr winds.

We illustrate this sltuation with an actual example
experienced by one of the authors (Kuettner), This di-
saribesanemergency situntion withthesaiiplane canght
inwidespread liftatvery high altitude with the spoilers
frozen, and esurned ona Hight during the “Sterea Wave
Project” when numerous sailplane research flights veere
thade safely between 40,000 ard 45,000 feel, The follow-
g experience refess Lo one of these Nights:

AL4LI00 feet with (he et stream veloity exceeding
200km Mhand the outside temperatureal 70" C(-45°F),
the oxygen valve began o fail intermittently. Fapid
descent was required, but the speilers could not be
deployed because they were frozen in the closed posi-
tion. Theconventional problem of the glider pilot to find
updrafts reverted to one of finding downdrafts since
riormal descent with high speed would tale much too
long ‘and could lead to-flutter. The aircraft was a
Schwelzer 2-25, forerunner of the 2-32 two-place, but
was flown single-seated bucause of heavy research in-
strumentation.
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Durting the long, mil-wind Might, the sailplane rose
anothir 500 feet:and airs and the turreand-baik
Indicator fell aslizep alter one e at this low lempera-
ture. Fllight throagh hick cirrus was nécessary, causing
problems. Downdiafls wete fisally reached in a re-
strigted nuclear test area, ind the descent, at presam-
ably Aulter-safe spedds against the wind, allowed little
penetration, resulting ina difficult retum to base at low
levels through hills and passes,

It was the uncertainty nbout flutter limits - especially
after the first deseribed experience - thatcaused some of
the problems. but this caution may have saved my life:

This uncertmnty needsto be removed, because wave
pilols-especially these fying to teécord helghts - must be
able todriform themselves sbundly aboit the conditions
under which flutter eatl oecur, nbout its congequernices
and the chinnees of recovery, and they should try to
understand the niechanism of the fluttes phenomenon,
This paper makes an attempt to provide such badly
needed information.

2, The Mechanism of Flutter

For the certification of mpdem sallplanes a complex
investigation procedure i3 required. First, the dynamic
charactenistics of the soft suspended plane are meas
sured it a ground vibration test. Then, feeding the
resills into o computer, flutter caleulations are per-
formed for selecled cases, and o number of eritical
speeds ure ablained. At each of these spesdsa spedfic
flutter is predictied o set in, The lowesl eritical speed
represtnts the Nutler speed.

Obviously, an sdequite margin of safety is required
betweer the flutter speed and the “never-exceed” speed
limit Vg, If the maegin s too amall, remedies are
necessary, which must be checked by theflutterspecial-
ist. Sometimes parts of the previous procedure must be
repaatid,

Tt s usual practice and covered by the requirements
to Timit the procedure to the allitude range for formal
snnrlivg, Lo, up to 3 or 3 ki above sea level For high
tropospharic or even stratospheric Alsht, alr densities
areasmall fraction of the approved values, and a luter
prediction may not exist, The following gives an over-
view of the physical sitaation,

2.1 Damping

Allow flight speed, oscillations.of the sailplane aris-
tng from a single gust or control input are well dampiid
dnd 'sogn come ke test Thiv daniping ls chused by
listernnl friction within the materia], by asrodynamic
forces, and by michianical fricton of the fnpvable con-
ko] systems, The doubtful role of the last contribution
will be discussed later.

The strisctural damping, I an ablvevisted Mutter
analysis can he neglected, but itsinflusnce canbe impor
tant if weak damping is present thropghont the speed
nu.'ige'.

Mostof the damping issapplied by theacrodynmmc
forces. Ferwample, awmg oscillating perpendiculary
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to theflight path generates serod ynamic forces resliting
the vibration. Generally, these forees incrense approxi-
mafely Hnearly with the flight speed and the sir density.
They are proportional Lo the amplitude (maxioum
deflechon during a cy<le) and the frequency of oscilla-
tinm, Le. the number of eycles per secand,

2.2 Bxcitation

Withincreasing flight speed, the oscillating wing can
penemteaermdynamic forces driving the vibration. This
excitation counteracts the damping forces. [f, af a spe-
cificflightspeed, \hework of the driving forces balances
the waork of the dumping forees during a cycle, the
critical speed is feached. Flutter with growing ampli-
tudes pecurs if the damping can no lotiger compensate
thesxeitation. This dependson il |ght speed, ale density,
and themitinn of the escilla tmgmmpunents itsell_ This
is 2. complex provess that must be explaingd in more
detail. .

We will consider a wing, which is flexible both in
bending, a motion of the tips up and down only, and in
toesian, & pure rotation of the tips about a lateral axis:
Eachwing section contains thregsigrificant points which
plot corresponding axes, if the whole wing span is
congidened!

* Theaerodynamicaxis AA, where those Lift forces
act that resull from varistions of the angle of
incidenee. This 2xis is genarally located near 25%
of the chore.

* The elastic axis EA, which s located within the
range of 30 to 35% of the chord on modem sajls
plane wings. Its definition can be simply givenas
follows: Let a load travel along theehord. 1 Jond-
ing the feading edge, the Aexiblewing would pitch
nose down. If loading the trailing edge, It would
pitch nose up. In betwsen, just ot he elustic axis,
the wing would remain undeflected In torsion,

* The mass axis MA, a spamvise connection of the
centers of gravity of the Individual wing sections.
Of course, the result is certainly not a straight line,
but o the average its location can be assumed to
be between 40 and 45%, of the chord on a sailplane
wing without ballast.

Thess three axesare shown in Figure | fora represen-
tative wing section somewhere near the wing tip.

The motion during a eycle s illustrated at four se-
quential instants of time (clockwise direction] In Figume
2 Each eyele conslats of anip and a down motion, with
tworeversal phases inbetween (forand aft motion s not
implled). During the up and down motians a vertical
speed deminatay, during the teversal phases an accel-
eration. Aerodynamic forees fnote that the lift forees for
steady flight are neglected in fhatter mechanics) result
both from an upand-down moving willg with zero
incidence, the previonsly mentiones damping eftect,
atydd fram anangle of incdence generaled by perisdic
pitchingof the wing. The acceleration, a congsequience of
the teversed motion, geretates on inertia faree at MA,
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Aerodimamic axis AA

Elastie axis EA
EIGURE 1. Typics] wing section.

Mass axiz MA

efferts domninate in producing the pitching mo-
ment. [f it wauld be possible to reduee the dis-
tance between MA and BA to zero, most of the
exeiting moment would disappear. This ideal
case of mase balanze of the wing is unatiainable
in current designs,
2.3 Excitation with Control Surfaces

Similat in princlple, but differenl In detall,
coritrol sutfaces can genemte an excltation, In
Figure R and Figited we conslder a wing section
asbefore, equipped withanaileron. For simplifi-

and lts seetions always remain parallel to the

which tends to drive the sectivin center of gravity more
away from thie base line, This mass force M acting aft of
the elastic axis EA rofates the section and generates an
angle of incidence. Thus, a corresponding down-

base line. Only the aileron can deflect, and it is
known thatthis deflection produces alift force similar o
an angle of incidence but acting at a different nerody-
namigaxis AC, which is mareaft than AA. For simplifi-

warddirested lWitforcedevelops during the down
motion. Similar reasaning applies to the upwird
maetlon,

A general feature of the flexible wing is that it,
thanks to the elastic force E; tends to restore its
undeflected pesition. The acrocdynamic force A,
however, drives the npand-down moton and,
therefore, hns an exciting eftect. This foree € re
sponsible for the Autter.

Unfortunately, the considération of moments
Ismuare involved, and b discussion of the exciting
effect ui the pitching motion must be omitted
here. Only one factis obvious: Inall existin

Aeredynamio axis AC
of gonlral surfece nduced lift

FIGLIRE 3, Wing section with comtrol surface.

Moss axis ML
aof sunted] surface

Pivol axis

designs AA is in front of EA, and MA is behind of
EA. Both of these locations increase the excitation, and
from most flutter analyses it is known thut the mass

FIGURE 2, Flutter motion {wing bending/ tersion),
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catlon, I this example Itie assiimed that the aileron can
rotate without significant elastic or serodynamic re
straint and is submitled to inertia farces only,

The center of gravity MC of an unbalanced aileron s
located atabout 30 0r 40% of its chord. During the retun
phase of the deflected wing the aileron tends tocortinue
the outward motion, thus generating anangle of deflacs
tion and o corresponding lift on the main wing section.
This leads to the same driving effect as in the bending/
torsion case shown in Figure 2 Now, hibwever, with
compléte mass balancing of this aileron section it is
really possible to set the distance betwetn the aileron
center of gravity and the hinge to zero and to eliminate
the exciting effect. The acradynamic moments acting an
the control surface are also important, and the flatter
analyst twkes account of them,

2.8 Ground Vibmtion Teat

Elnsticstenctures, ifsuitably thrown into vibration by
# ahock or hormonic forees, fend 1o respond with a
speci and deflection paliern, which is called
a mude.SaﬂpInm wings, iallplanes, and sometlies the
fugelnge, too, are very flexible, ahd sbout two dosen
modes must be considered. With a vibration test on an
elastically suspended sullplane, these different mades,
bothsymmetrical and antisymmetrical, are determined
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FIGURE 4. Fluttet mokivin (wing bending /cilitedl suiface

Tatation ),

togethorwitlitheicnatural frequencies and modeshapes
tnclueing the niodal Tines

As most moderis sailplanee gie quile similar in con-
ligurmllon and proportions, slmilar modes are also re-
vialed. Typical examples are the wing bendfng anl
torlon modes, shows in Figure 5. Only half of the win
is drswn for each mode; bending modes nre indica
by solid lines and torsionmodesby rashed lines. O the
left-hnnid =ids, the base lines of the symmeltic wing
muoidesaresiaggored correspornding to their requeniies
(eveles por second) indicated at (e conier line. On he
righit-hand side, 1he antisemmetric wing modis ane
presontid accordingly. Normally, the fundamentdl syim-
mutrical bending, called Sl has & fiequeney atabout 3
Hz: The antisymmelele and all kigher modes follow
witl (e gpproximate frequencis in the (igure. The
saquence of medes relevant for futter muist include at
lemat the primary Wing torsion at ahout 25 i

The tailplanes, less slender than the wings, reveal
higher frecuencies, and noemally only the primary besd-
ing maodes are ioportant, somie of them o conretion
with fuselage bonding or fusslage lomsian In sitprarite
testy) the Medjuencies of e corltepl suclpcss aris diter-
minid with Hxed and flee contmls, respectively. The
determinabon of the symmigtrie alleron vibration and
sgmelines of the flap vlisatinns is mest important
Pagsibly, the antlsymmetsic vibration of the two halves
of the elevatar must be considened,
2.5 Conpling of Modes for Flutter

Classical flutter in possible only if fwo or more indi=
vidual mndes san couple and approach o commen
fravuency. Then theysact together it amaniies as shiwn
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inFlgures Zand 4. Ttls necesenry that at least oas afthess
modes includes wing torslon, Le. an angle of incidence
vauiition, or 2 control surface deflection. The question
is how and when coupling can alter frequencies of the

‘modes until they are sufficiontly close to enoble a con-

tinunus vibration. This is where airspeed comes in,
hecause the coupling cancand will happen st asufficient
alrspeed, The collapse then may be sudden,

MNormally, a wing bending modes would couple with
a wing torsion mode or an aileron deflection; respes
tively. In the resulling coupled modes a time Ing oceurs
between both dlementary motions, called phase. In
Figure2and Figurednlag ofa quartercyele illustirted
larsimplicity, The angle of incldence alters its signafter
the bending motion passes the base line, which s a
necessary requirement for ganeration of driving forces
atthe right time.

As a result of the air flow around the oscillating
surfave, the frequencies of the natural vibrations will be
differant from those of the ground test. The rokilioal
vibration will decrease and inelude sotne beiding, and
Uhe bending vibration will slowly increase and Incliide
sameroftion urtl ot theeritheal speed theie frequencies
wilbe close to colnelderics and Autter oceuss In one of
the two coupled motions. The menlioned phase, -
quired far excitation, results automatically,

2.6 The Damping DHagram

The mostvahuableinformation about thecharacterof

& flutter case i given by a diagram of damping versus.
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FICURE 5. Mojural wing vibmation modes
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speed. Thus, the total of damping and exclmtion during
acycle ks Indicated. It is normal practice to caleulste
these curves and o judge their crossings with the zeso
damping ling, ie thegritical speeds Soma typical curves
are shown in Figure & (Damping i oeually given as a
perentage of ceitical damping defiied by the transition
to noneescillatory metion),
A This curve shows posiltive domping thietugh-
oul, whiclt is muinly due to servd ynarmie effeets.
B Theinitial damiping has o similar terid o5 16 A,
Suddenly, at aligher speot an abrupl reversal of
the positlve treid indicatos the appearance ol &
stetmg excitation, Thie lorementioned seighlbar-
hood of frequencies of the Invalved modes playsa
prnrlr'lir-\e:'umla Ataeritival speed theaqunve rrosses
the lre of zeco damping in a steep slope, causing
vialent flutter fo occtr beyand this point,
C Themitial damping is poor, and soon moderate
excittion causes a slight decline of the curve,
which may cross over for o' limited speed tange.
Theexvitation may appear digain ala higher speed
and lead to a substantlal, yel not very violent,
flutler.

Curve A, the safest case, 16 not natural for mndei‘n
high-speed smlplanes with thelr slender wings A cou-
pling of wing tersion with bending modes connot be
exdluded and wonld lead to flutter with a behavior as in
Curve B. The same violent characteristics are possible
with coopling of symmetncal aileran vibmtion and
wing bending modes.

Curve C is typical for low fequency o stick-free
cantrol sirface modes coupled with' wing Uendlhg,
Sometimesacoupling of ruddir deflection and fuselage

torsion ox another low frequeney fuselnge: deflection
shows smalar beliavior, In such cases It is possible ta
provokea pronaunced vibration by shaking Ue corre
spomctig cantrals, orisitis moreor less danmped,
or wven slightly exciled. Such beliavinue should be o
warning thoy at o higher speed o serious Qutter will
e

3. How Does High Aldtude Affect Flutler?

Dianigiing curves lire oftan determined aply for bvo
represealtive allibides Gle son level and 5000 m, for
example. Il more such Blirves are avallable for a widle
rangeofaltitudes, s dlagram asshown in Figure7 oo be
drawn. This example was clailated af the DLR Insti-
tute ol Ascoelasticity in Gattingym, Germany. It s
up tostmtespheric flight conditions O thig diagram of
altitpde versus eqpnvalent air spend EAS (o diefinition
used incalonlations and whicl s very elose to indleated
arspesd TAS), limits of Uhe stilling speed and the never
oxeedid spedd VNE areshiven. Thie VNE Timnits corne
sponding Lo donstil true aif specd TAS and constant
equivalent air speed BAS dbove the appinyved altitude
are also indicated, Obviously, the myrgin between the
TAS linslt and the stalling spéed cun become top small
lor aperatinm On the other hand, safety marging be-
tween the EAS limitand theflutter speed decrense with
increasing altitude.

Tigure 7shows threeunstable regions, Region (2] was
not relevant for the original cectification covering alti-
tudes of nermal eperation, The unstable region devel-
opsathigheraltitudesand becomes widerand certatnly
mare pronounced in the stratesphieee, Asimpleextrape-
latlen of the resull= flom low altitudes may niot veveal
the appearance of instability amlidst the operational
mange Fortunately, in s case the futter is
caused by the low frequency antisymmetric

wing bending Al (see I’igure 7) coupled with

stick-free afleran rotation. Chances nay be
good (0 stap this futter by fixing the stick. 1t
should be mentioned that an improvesd mass
balasiee of thealleronswould completel y elimi-
nale tid keind of Multer,

The mére setious problemisare with Region
{b). Thix flutter alsa results from a wing faile-
ran conpling, butwith thenode A2 (see Figure
7). This case is more violent due to the highes
fraquency and fixing (he stick will probably
nat stop the flutter. However, the chanee of
recovery is good with comparatively little
tramble. Asin the (nemer case, o suttably ar-
riruzedd mass bbance would eliminate this flut-

tisr, toven!
Tl Duittior rogian (o) results from ccupl'u‘lg'
al wing bending and lorsion and is of the most
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TIGURE 6, Sonawe ty pical damping chasactenidtics

dutrimental type, a5 Indicated by Curve Biin
Flgure 6. A remedy s possible with simple
madifications, and a margin of safety with
respecttothe Ve limitis indispensable; [n the
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ure 7arespecific to the presented example.
Other locations, if any, are possible with
other types of control surface Autter. These
reglons develop from stable damping
minimaatlow altitudes, Instability appears
it some altitnde and broadens with -
creasing-altituctes. This characteristic may
besimilareven fordifferent types of Nutter.
Fortunately, a correctly located and dineo-
sicried partial mass balance of the control
surfaces would absolutely eliminate the
(threatafthese flutter cases, which certainly
is a consiclerable advantage. A skilled de-
signer with the respective know-how can
act in this way. Another method of mass
balance, applicable with less knowledge of
/ flutterconditions, isa total mass balance on

the whele length of the control surface. At
first glance, this method Jooks less atfrac-

7.

0 180 300
Byuivalant aly gpesd BAS km/h

FIGURE 7. Example of unstable reglons and speed limits:

Laliancing.

eliinate this urwtble region, too.

mdeign of the wing structurs,

af ';1:] andd {¢) with Incrensing altitucdes.

{a) Bnvitlope of enbical speed forwing bending A, coupled withaileren
deflection. This mild futler lendency can be sliminated by mass

(b) Witig banding AZ with alleror deflectim. Mos balence Wotded

le) Critical speed of spmmetrical wing torston coupled veith win
benring 51 Improvement of this limirwonld reuire an expenst

Note thesmall margin belween the stalling speed ind the TAS Limit, and the
decreasing salety margins between he EAS Himitand the fluttor boundaries

tive, but a proper design without substan-
Lz tal weight and drag penalties bs feasible
Indeed,
5, Pilot Cancerns

The presently available sailplanes have
not necessarily been invastigated and ap-
proved for flight conditions at very high
altimudes. On request, the manufacturer
would certainly pravideinformation about
the resuits of the flutter analysis. Possibly,
some conclisions can be drawrn fiom the
kiown uttsrcharacteristics, buteven then
caiition ls needed, and as speed lmit Vi
the mean value between constant TAS and

examiple of Figure 7 the margin remains aceeptable in
highaltikides, even if the constant EAS line is regarded
as the operatiooal imiy However, witha higher Viyg or
a lower critical speed of {c), the safely margin can
become top small. The bousdary of (b) and (c) is prob-
ably of the same charncter in other eases, nnmely lend-
ing o lower eritival speedsat higher altitudes. If this is
genorally true and reégions such as (0] are eliminated by
adequiite mass balancing, [t bectimes obvious thal o
meart value between the TAS and EAS Lniit will salisty
allsafety nesde with regacd (o both Autler and stall. As
long as stherinformation & lacking, it bs recommended
as a preliminary solutlnn,
4, Design Reflections

Bending/torsion fluttor oocurs inevitably somewhere
in the high speed range. Consequently. the limit (c) in
Figure 7 is o general foot, Nermally the critical equivas
lert or indicated air speed decrenses with increasing
altitude. Thus, the margin of safety with respeet to
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TAS above the approved altitude remains
the best solution at hand. A well readable
chart with the LAS values of this limit in various alti-
tudes should ke installed in front of the pilot.

The sailplane for high altitude fights should be a
modern type, well proven in normal service, and in
perfect condition. Tt must not be overloaded, and addi-
tional equipment must ot be located in the redr fuse-
lage or on the outer wing aft of the 30% chord line

The control systems should be free of play and with
tHe least possible mechanical friction, Cable tension
should be praperly adjusted. Leng control cables run-
ning in metal siructures stacken at Ipw tempemtures of
high altitudes. A ton flexible control system s fre-
quently a source of flutter trouble. The flexibility of the
system can bechecied by fixing the control surfaces and
applying a usual force o the stick or peclals. The deflec-
Hem shoubd beasmall fraction of the availabile travel Tift
flaps, if sot toa positive stop In high-speed flight, are not

‘eesentidl for Mutter.
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