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A geared flywheel balance arrangement for
the prevention of conirol surfzce flutier

W. G. Molyneux

SUMMARY

Some geared massbalance systems are descrabed that are effective an
eliminating inertial couplings between modes of the main surface and the
control surface, These arrangements are shown to have an advantage over
the conventional arrangement for preventing flutter involwving main surface
torsion and control rotation, particularly where there is a near frequency

coincadence between the modes,
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4 Introduction

The conventional method of providing massbalance for control surfaces
is by the direct attachment of masses 1o the control surfuce
forward of the hings., It 1s generally possable, by this mesns, to reduce
to zero the inertia coupling for a selected type of binary motion (e.g. wing
flexure-aileron rotation, wing torsion-sileron rotation), but zero coupling
cannot be achieved when flexural and torsional modes of the main surface
have to be considersd simultanecusly.

To avoid this difficulty Frazer has suggested an alternataive balance
arrangement consisting of a rearward facing massbalence am, pivoted sbout
the hinge axis of the control surface and geared to the surface so as to
rotate in the opposite sense to the surface rotation, With thas system
dynamic balance of the surface can be obtained for any mode of wing distor-
tion provided the control surface can be trested as rigid, Unfortuanstely,
with the present trend towards wvery thin wing sections, the assumption of
control surface rigidity cannot be Justified,

To allew for control surface flexibility a further form of geared
balance is considered, consistang of a combination of a statically balanced
control surface (balanced in the conventional manner) and a system of fly-
wheels geared to the control to rotate an the ovposite sense to the control
surface rotation., With thas arrargsment the inertial couplings between wing
and control surface motions can be reduced to zero for any mode of distortion
of the wing or control surface,

However the elimination of inertial couplings does not necessarily
imply that the system will benefit over the conventional system as a flufter
preventive., Accordingly a flutter invesiigation has been maie to compare
the relative effectiveness in preventing flutter of the two geared systems
and the conventional system. This shows that both geared balance arm and
flywheel balance arrangements have a marked adventage over conventional
direct balance in preventang flutter of the maan surface rotation - control
surface rotation type, particulerly where there is a near frequemy
coincidence between the modes., This type of fIntter has proved troublescme
on some recent slrereft designs,.

2 The arrangements considered

2,1 Rearward facane geared balance amm

The system is as shown in Fig.,1, Let 1z, and =z, dJdenote arbatrary
vertical displapements of the wing at the hinge attachments distame a and
b respectively frem the wing reot, let o, denote the angular displacement
of the wing at the sectinn ¢ for control operation and B, the rotation
of the axleron relative to the wing at this section, Then the vertical
linear displacement of a point P(x,y) on the control is

(y = 1) + z.(a -y

N — + x(@, +B) .

Z

If ém denotes the mass at P then ths total kinetic energy in a
general motion is
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aileron




The wing azleron ipert:al couplings in this expression are those terms
involving products of B, wath Zy, s 2y and @ , 1.e,

Coefficient of éo :Za -8%)- (2 dmxy — bEdmx) (2a)
1 " s . ____2___ ] - T8 2
Bc 7 p—" (a56mx - Lomxy) { 2b)
" h 5 = 2 (
B, o, 25 5mx 2c)

and 1nertial coupling is eliminated when all these coefficients are zero,

If massbalance is to be achieved by the direct attachment of a dastra-
buted or concentrated mass forward of the aileron hinge then it 1s apparent
that 21l the expressions (2) canmnct be zerc. Expressaon 2{(c) for exsmple
w1ll always hava a real, positive value, indicating that direct balance
cannot provide zerc inertis coupling in a pitch mode involvirz rotation of
the main surface sbout the control surface hinge,

However, suppose that massbalance 1s to bz achieved by a concentrated
mass My on a rearward facing am x, at section c , pivoted about the

hinge axis of the control surface, and geared to the surface so as to rotate
an the opposite sense %o the surface rotation, Let the gear ratio massbalance
arm rotstion : control surface rotstion be q ., For this system the kinetac
energy 1n a general motion is

Y PRV YA N
27 = a;f;ron Sm —7 * x(ac - BG)J
ré (c—-o)+;b(a—c) . . 2
*+ M'b - a~-"b * xb(ac -4 Bc) (3)

and the i1nertial coupling coefficients are

Coefficient of B.D ;‘a ;—% (Zémxy — bLSmx -~ dlx c + qubxb) (4a)
n 1 s 2 2 o
B, %y == (a5bmx — Jémxy - aMym, * M xc)  (4Db)
v gl 2 - ane) (10)
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411 expressions (4) will be zero when the following conditions are satisfied,

Fémxy
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Equation (5) determined the section for massbalance attachment and
control operation, (5) defines the length of the (weightless) massbalance
arm and (7) detemines the balance mass.

It 1s apparent that by using this massbalance arrangement the inertial
couplings can be reduced to zero, However, the system has the disadvantages
that the control surface must be slotted %o allow movement of the balance
arm, leading to asrodynamic interference and structural dafficulties, and
flexabnlity of the control surface can reduce the massbalance effectiveness.
Furthemore, 1t is not precticable %o use a high gesr ratio q , thus reduc-
ang the mass requared for massbalance, becaise if the gear ratic differs
greatly from unity the masshelance effectiveness will vary considersbly
over the range of control surface travel. It may be noted that the
effective moment of inertia of the control surface iz given by

I = (1 + q) Ia
where Ia d4is the moment of inertia of the unbalanced control.

242 Btatically balanced contrel wzth geared flywheelg®

When there 1s sigmificant flexibility of the control surface waithin
the frequency range for flutter it s potentially dengerous to attempt to
massbalance wath a single concentrated mass, such as is required with the
above arrangement, Tn an unfavourable mode of distortion it is possible
for an arrangement of this sort to act in the anti~balance sense. IFor the
flexible control surface an alternative arrvangement i1s therefore required,

Now consider the system shown in Fig.2 in which there 1s a shaft
within the wing that carries a series of diascrete flywheels, geared to the
control surface with gear ratic q %o rotate in the opposite sense to fthe
contrcl surface rotatiron.,

The total kinetic erergy in a general motion is

o = L 5o [+ x(d+ §)]°+ 216G - aB)° (8)

al1leron

where I is the local fiywheel moment of inertia and z,a, and B are
all functions of the spanwise ccordinate.

To setzsfy the condataion of zerc inertial coupling for any mode of
drstortion of the control surface the inertial coupling terms mist be zero
at every local section, At a local section we have:i-

Coefficient of ér}. 20 Smxe )
J

, (9)

" " fa 2(8mx” ~ g I)

“hese expressions will be zero provided every local section 18 masse—
balanced so that its c.g. 1s on the hinge line, and provided the local
voelue of gl for the rlywheels 13 equal to the local moment of inertia
of the control surface, In thig condation the control will be stataically
balanced and 1ts total effective moment of anertia I wall be

I = (1« q)Ib (10)

where I, is the moment of inertia of the statically balanced control

corface,

*Patent Applicatzion 34009756,




Wath this arramgement the whole balance system can be housed within the
wing contour thus avoiding aserodynamic interference., Furthermore, high gear
ratios cen be used thus reducing flywheel mass, though it should be noted
that the effective control znertia will ancrease with gear ratio,

In practice it is rarely convenient to utilise an ideally distributed
balance system, the usual practice being to concentrate the balmce at three
or four sections along the span of the control, For the present system this
would require a directly mounted mass to balarmce a particular portion of the
control surface and a geared flywheel to balance the moment of inertia of
this same portion.

3 Tlutter anvestigation

Reducing anertial counlings to zero does not necessarily avoid flutter
entirely, since aerodynamic and elastic couplings will generally still be
present.

In what follows a limited theoretical investigation is therefore made to
compare the efrectiveniss of the conventional balance system with that of the
geared balance arm and geared flywheel balance systems, 4 raigid wing section
iz considered with freedoms in vertical translation, pitch about the quarter
chord and aileron rotation, The main details of the wing are given in Fig,3
and Table I, Two dimensicnal incompressible flow derivatives are used for a
fixed frequency parometer of 4,4k, and flutter properties are investigated for
different massbalance conditions over a range of control circuit stiffness
that ensures a coincidence between the frequencies of the wang and control
surface modes,

341 Comparison of direct balance with geared balance arm system

Referrang to equation (6) and using the data from Table I, the length
of the arm for the geared balance sysiem 1s

2
=.@z_2§.)_=0.65ﬁ.

*p 0.095

For simplicaty it is assumed that this same length of arm 18 used for
the Girect balance system, so that static balamce of the contrel is obtained
for both systems with a mass of sbout 0,031 slugs at the end of the arm,

Flutter curves for different values of the balance mass and for a range
of comtrol circuit stiffness are shown 2n Fig.k. The gear ratio for the
geared balance 1s assumed o be unity throughout.

For &z balance mass of zero 1% can be seen that two distinct types of
flutter occur, When the carcurt stiffness 1s low the flutter 1s of type (&)
vhich invelves modes of vertical trenslation and control rotation, patch of
the main surface having an insigmificant effect, As the circuit stiffness is
increased there is an sbrupt change to type (B) flutter which involves wing
pitch and control rotation. The fype (Ag—pﬂutter region is the same for both
geared snd direct balame gystems, and disappears entirely for a balance mass
of 0,025 slugs/f%, but the type (B) flutter regions differ considersbly for
the two systems, Whereas for the geared balance the low flutter speeds
associated wath type (B) flutter are avoided with a balance mass of 0,031
slugs/ft {1.e. static balance), a comparable condition is not achieved with
the direct balamce system until the balance mass is increased to 0,05 slugs/ft,
TWith direct balance a balance mass some 50% in excess of that required for
static balance of the control is therefore necessary to avoid the low flutter
speed region for the pitch~aileron rotation type of flutter. These low
flutter speeds result from a near comncidence of the wing pitch and control
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rotation fregquenciecs, in associabion with unfavourable 1nertial couplings
between wing and control motions. With the geared balance system the
unfavourable inertial couplings are elaminated when the shatic balance
condztaion obtains,

3.2 Darect balance in associstion with flywheel balance

“he cose considered ie that of statically balanced control with a
mass of 0.03% slugs/ft on a balance am 0.65 ft long (as in section 3,1)
to which a flywheel 1s geared. The effects of variation in Fflywheel inertia
are investigated for two values of the gear ratio

/ - flywheel rotation
contrel rotataon

The results are shown in Fig.5.

The {lutter obtained is of the torsion-azleron type throughout, static
balance having eliminated the translation-aileron tyve flutter. I% can be
seen that Jor corresvonding values of gl the minimum flutter speed s
about the some for both values of ¢ , but the {lutter region extends over
a greater renge of circuit staiffness when ¢ = 3 thanwhen g =1, As gl
is incrsased the minamum flutter speed aincreases rapidly, and when ol =
0,026 slugs #t°/T% (1.e. 1nertial coupling zero) the speed 1s everywhere
greater than 500 ©%/sec (as compared with 180 £t/sec when gI = 0). A
further increase an gl leads to a further increase in the minimm flutter
speed for q = 1, and a slight decrease for 9 = 3., The miramum flutter
speeds when inertial coupling zs zero {ql = 0,026) are almost identical
with that for the corresponding condition with the geared balance arm
(M = 0,031) s indicating that both systems are equally effective in raising
the minimum speed,

3e3 Flywheel balance alone

It is of intersst %o 1nvestigate the effect of using flywheel balance
alone on the flutter of an ummassbslanced control surface. Obviously,
sance the flywheel presents an opposing moment of inertia against control
surface rotation 1t camot elumanate the mass-moment inertia couplang that
results from translation of the main surface. In consequence flywheel
valarce alone would not be expected to eliminabe flutier of the flexure-
ailleron type, theugh 1t should be effective for torsion-aileron type flutter.
This 1s bornme out by the results shown in Fig.b, in which the effect on
flutter of flywhecl balamce alone has been 1avestigated for gear ratios
g of 0.5 and 1,0, It 28 apparent that the area of torsion-aileron flutter
(B) is markedly reduced as the flywheel inertia 1s inereased, but the area
of {lexure-gilercn {Iutter (&) iz increased because of the resultant
incresase i1n the effective moment of inertia of the control surface. The
eflectave control surface moment of inertia 1s given by -

I = (Ia-z-q I

where Ia 18 the moment of inertia of the unbalanced control surfsce

If is the flywheel inertia

from vwhich 1t 1s apparent that a low gear ratio 1s required to avoid an
excessively large value of I,

The local value of Lo required to eliminate torsior-aileron coupling
if given by -



i =i+m;8
Qe a a &

where ia is the loeal moment of inertia of the unbalanced control surface
m iz the locasl mass of the unbalanced control surfsce
X 18 the distance of the c.g. of the local section aft of the hinge

£ 18 the distance between the torsional nodal line and the sileron

hinge,

which indicates that the value of I, required reduces as the nodal line
approaches the aileron hinge and is a miramum when these two axes coincade.
With a direct balance arrangement the mass required to eliminate this form

of coupling inoreases as the nodal line approaches the hinge, tending %o
infinity when it coincides with the point nf installation of the balance mass.

Flywheel balance alone may therefore have an sdveantage over direct
balance in any circumstance where the nodal line for torsron-aileron flubtter
is close to the hinge, provided the flexure-aileron flutter branch can be
avoided (e.g. by providing an adequate circuit stiffness).

A Discussion

It may be noted that the penalty for the elimanation of inertial coup-
lings is a marked increase in the effective moment of inertia of the control
surface as compared with that for conventional massbalance. In consequence
a greater initial force is required to achieve the same rate of control
application, end furthermore, it becomes increasingly difficult to achieve
a high natural freqency for the control on its circuit. Though the latter
feature may no longer be important so far as coupled flutter is concerned
it may well be important in the low superscnic speed regime where single
degree of freedom flutter can occur due to negative serodynamic damping for
the contirol surface. If the frequency of the control on 1ts cipouit cen be
made high enough this region of negative damping can be avoided?, However,
even with a conventional massbalance system the required frequency often
cannot be achieved, and the alternative in such cases ls ftc eliminate the
flutter by the introduction of damping. With a flywheel massbalence system
1t seems lakely that damping units could be housed within the flywheels
themselves.,

The "flywheels™ need not of course be in the form of circular discs
but might equally well consist of linkage arms pivoted at their centres;
they could be incorporated as part of the circuit through whach the control
is opersated.

The system is open to the usual objections regarding any geared mass—
balance system, namely, there must be no undue flexaibility in the linkage
and backlash must be kept to a minimum., Furthermore, the danger of jamming
the mechanism due to icing or due to differential expansion arising from
kinetac heating must also be borme in mand, btut the system is unlikely to
be worse off on any of these counts then say a power operated control uzing
screw Jjacks or hydraulic actuastors,

5 Conclusions

The conventional control surface massbalance arrangement, whereby a
balance mass is attached direct to the control on a forward facing am, does
not enable the simltanecus eliminstion of inertiegl couplings for wvertical
displacement and pitch modes of the main surface to be achieved., Masg-
balance for main surface pitch is impracticéd le for a mode whose nodal line
laes close to the control surface hinge,
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4 theoretical investigation of 4wo alternative arrangements of geared
massbalance show that they are more effective than the conventional arrange-
ment in eliminating inertial couplangs, and they benefit greatly over the
conventionsl system in preventing flutiter of the torsion-asaileron type where
there is a near coincidence of freaguencies., However, the arrangement con~
srsting of a rearward facing balance am gearsd to rotate about the control
surface hinge in the opposite sense to the control surface rotation presents
an 1nstallation problem since it would normally project into the airstream,
Furthermore, the massbalance effectaveness will be influenced by flexibility
of the control surface or of the balance arm.

The alternative arrangement of {lywheels geared to a statically balanced
control overcomes these dafficulties, The flywhesls can be housed within the
wing 1tself and are effective even for a flexable control sirface. The
arrangement 1s, of course, oven to the usual objections regarding geared
massbalance; namely, there must be no undue flexability in the linkage and
backlash must be kept to a minumum, However, the flywheel balance system 1is
worth consideration in any circumstance where the flutter is of & patch-
control rotation type with a near freguency coancidence between the modes,
and where the nore usu-l method of flutter prevention by increasing the
control circurt stiffness 1s 1mpracticable,
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TAPLE T

Ving details

Wing mass = 1,0 slugs/Tt span (inoluding aileron)
Wing chord = 5.0 ft (including aileron)

Wing cege = 1,25 £% aft of leading edge

Wing radius of gyration = 1.25 £t about quarter chord

100 rads/sec

H

Wing vertical translation frequency

Wing pitch frequency 200 rads/sec

If

Azleron c.g. = 0,006 £t aft of hainge line
Azleron mass = 0.21 slugs/ft

Aileron radius of gyration = 0.2 ft about hinge line

Axleron chord
Wing chord

= 0,2
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FIG.2. STATICALLY BALANCED CONTROL WITH GEARED FLYWHEEL.
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