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V prispevku je podana uporaba kriterija dinamiène uravnote�enosti krilca, ki zagotavlja prepreèitev
vihranja1 krila na letalih splo�ne kategorije. Na podlagi kriterija je bila z uporabo paketa za raèunalni�ko
podprto konstruiranje Pro/ENGINEER doloèena potrebna masa balansirne ute�i krilca letala. Rezultati
dobljeni na modelu so bili eksperimentalno potrjeni. Z gradientno metodo optimizacije so bile doloèene
izmere in namestitev balansirne ute�i, da bi minimizirali maso krilca.
© 2002 Strojni�ki vestnik. Vse pravice pridr�ane.
(Kljuène besede: krilca letalska, uravnote�enje dinamièno, metode optimiranja, paketi programski)

This paper deals with the use of the aileron balance criterion as one of the criteria for providing
freedom from wing flutter on general-category airplanes. Based on this criterion and using the Pro/ENGI-
NEER computer-aided-design software, the required mass of the balance weight was obtained. The results
from the model were confirmed by our experiments. By using the gradient-optimisation method, the optimum
size and position of the balance weight with respect to the minimisation of the aileron mass were achieved.
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Optimiranje dinami~ne uravnote`enosti
krilca
Optimization of the Dynamic Balance of an Aileron

0 UVOD

Pri zasnovi letal je zaradi lahke gradnje treba
analizirati tudi mo�nost nastanka aeroelastiènih pojavov
([1] do [5]). Tako je za letala splo�ne kategorije pri
postopku pridobivanja ustreznih dovoljenj treba med
drugim pokazati, da v uporabnem obmoèju hitrosti
letenja ne pride do vihranja krila. Vihranje je nestabilno
samovzbujano nihanje deformabilnega telesa, ki je
posledica aerodinamiènih in vztrajnostnih obremenitev
ter vpliva elastiènih deformacij. V splo�nem lahko
vihranje krila razdelimo na oblike, ki zajemajo [3]:
- torzijsko in upogibno nihanje krila,
- gibanje krilca in torzijsko nihanje krila,
- gibanje krilca in upogibno nihanje krila.

Zapletenost pojava je spodbujala k iskanju
poenostavljenih metod dokazovanja primernosti
zasnove, da v uporabnem obmoèju hitrosti letala ne
pride do vihranja ([6] in [7]). Za letala splo�ne kategorije,
z najveèjo hitrostjo strmoglavljenja V

D
 < 133,7 m/s

(260 kt) so poenostavljeni kriteriji za prepreèitev pojava
vihranja krila, obrata krilc in divergence krila podani v
[7] in temeljijo na statistiènih analizah, preskusih
modelov v vetrovniku ter na analitiènih raziskavah
aeroelastiènosti na poenostavljenih modelih.

Za prepreèitev pojava vihranja krila moramo
biti pozorni na naslednje tri parametre: dinamièno

0 INTRODUCTION

During the airplane-design process it is nec-
essary to investigate the possibility that  aeroelastic
phenomena may occur as a result of a lightweight
structure ([1] to [5]). In order to certify the airplane in
the general category it is necessary to demonstrate
that the airplane is free of flutter in its operational
speed range. Flutter is an unstable self-sustained
oscillation of an elastic body that comprises aerody-
namic, elastic and inertial forces. In general there are
three kinds of wing flutter [3]:
- torsional�flexural flutter,
- torsional aileron flutter,
- flexural aileron flutter.

The complexity of the flutter phenomenon
has prompted efforts to find simplified methods for
establishing freedom from flutter in the operating
speed range of the airplane ([6] and [7]). Reference
[7] is intended to serve as a guide to small-airplane
designers (dive speed V

D
 < 133.7 m/s i.e. 260 kt) in the

areas of prevention of flutter, aileron reversal and
wing divergence. The data in [7] rely upon statistical
studies, wind-tunnel tests of models and simplified
analytical studies.

The prevention of wing flutter is achieved
by paying careful attention to three parameters: aile-

1 Pogosto se za vihranje uporablja tudi tujka �flutter�.
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uravnote�enost krilc, torzijsko pro�nost krila in mrtvi
hod krilc.
- Kriterij za dinamièno uravnote�enost krilca je razmerje

med masnim deviacijskim momentom I
OY

 glede na
teèajno os krilca in vzporednico z osjo trupa letala, ki
poteka skozi vozel prve upogibne lastne oblike
nihanja krila ter osnim masnim vztrajnostnim
momentom krilca okrog teèajne osi I

Y
. Mejna

vrednost parametra I
OY 

/
 
I

Y
 je odvisna od najveèje

dovoljene hitrosti strmoglavljenja letala V
D
.

- Parameter torzijske pro�nosti krila je odvisen od
hitrosti letala V

D
. Izraèunamo ga iz porazdelitve

zasuka krila obremenjenega z enotskim torzijskim
momentom.

- Ohlapnost krilca ob drugem zadr�anem krilcu ne
sme preseèi dane vrednosti.

V prispevku se bomo omejili na izpolnitev
kriterija dinamiène uravnote�enosti krilca, pri èemer
bomo optimirali izmere in lego ute�i za uravnote�enje
krilca, da bi minimizirali maso krilca.

1 DINAMIÈNO URAVNOTE�ENJE KRILCA

Gibalno enaèbo krilca zapi�emo [8] v obliki:

kjer so H
a
 - moment aerodinamiène obremenitve okrog

teèajne osi, H
Fa

 - moment krmilne sile, I
Y 

- masni
vztrajnostni moment krilca okrog teèajne osi ter p, q  r
- kotne hitrosti krilca okrog vzdol�ne, preène in
navpiène osi letala. Z δ

a
 je oznaèen odklon krilca, z

I
OY

 pa masni deviacijski moment glede na teèajno os
Y in vzporednico z osjo trupa letala, ki poteka skozi
vozel prve upogibne lastne oblike nihanja krila (sl. 1).
Iz gibalne enaèbe (1) je razvidno, da dobimo zaradi
vztrajnosti krilca, pri kombiniranem vrtenju okrog
preène in navpiène osi oziroma pri kotnem pospe�ku
okrog vzdol�ne osi letala, moment, ki odklanja krilce.
Pri upogibnem nihanju krila, se dinamièno
neuravnote�eno krilce odklanja, tako da zmanj�uje
aerodinamièno du�enje in s tem spodbuja nastanek
vihranja pri manj�ih hitrostih leta. Povezavo med
gibanjem krilca in odklonom krilca zmanj�amo, èe
zmanj�amo vrednost masnega deviacijskega mo-
menta I

OY
, kar je torej pogoj za dinamièno

uravnote�enje krilca.
Masno sredi�èe samega krilca je obièajno

precej za teèajno osjo. Krilce lahko dinamièno
uravnote�imo tako, da pomaknemo teèajno  os krilca
nazaj oziroma dodamo balansirno ute�. Balansirna
ute� je obièajno name�èena na podalj�ku na
sprednjem zunanjem robu krilca, ali je pri
aerodinamièno èistej�ih izvedbah vgrajena v
sprednji rob krilca. Pri namestitvi balansirne ute�i
moramo izpolniti trdnostne zahteve, podane v
predpisih.

ron balance, wing torsional flexibility and aileron free
play.
- The aileron balance criteria are obtained from

the aileron product of inertia I
OY

 about the wing�s
fundamental bending-node line and the aileron-
hinge line as well as the aileron�s mass moment
of inertia I

Y
 about its hinge line. A limit for the

parameter  I
OY 

/
 
I

Y
 is set as a function of the dive

speed V
D
.

- A torsional flexibility parameter for the wing is
established as a function of V

D
. It is calculated

from the wing-twist distribution per unit of ap-
plied torque.

- The total free play of each aileron with the other
aileron clamped to the wing must not exceed the
specified maximum.

This paper deals with achieving the aileron
balance criteria and presents the optimisation of the
size and position of the required balance weight in
order to minimise the aileron weight.

1 DYNAMIC BALANCE OF THE AILERON

The equation of motion of the aileron is given
[8] as:

(1),

where H
a
 and H

Fa
 are the aerodynamic and control mo-

ments about the hinge line, respectively, and I
Y 

is the
mass moment of inertia of the aileron about its hinge
line. The values p, q and r represent the angular veloc-
ity of the aileron in roll, pitch and yaw, respectively.
δ

a
 describes the aileron deflection, whereas I

OY
 is the

aileron product of inertia about the wing�s fundamental
bending-node line O and the aileron-hinge line Y (Fig-
ure 1). Equation (1) reveals that during a simultaneous
pitching and yawing motion or during angular accelera-
tion of the airplane about its longitudinal axis, inertia
forces induce a hinge moment that deflects the aileron.
During bending vibration of the wing, the aerodynamic
damping of the wing is reduced due to the deflection of
the dynamically unbalanced aileron and this initiates
the flutter at lower airspeeds. As a consequence of equa-
tion (1), lowering the value of the aileron product of
inertia I

OY
 reduces the inertial coupling between the

aileron motion and deflection. Therefore, the aileron
product of inertia can be regarded as a criterion of the
dynamic balance of the aileron.

The centre of gravity of the aileron generally
lies well behind the hinge line. The aileron can be
dynamically balanced by shifting the hinge line aft or
by adding a balance weight. This balance weight is
usually placed on a special arm sticking out in front
of the control surface or it is integrated into the leading
edge of the aileron in an aerodynamically cleaner
design. Strength requirements for the balance-weight
attachment must also be fulfilled.

( )Y OY2a Fa aH H I I rq pδ+ = − +&& &
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Na prepreèevanje vihranja ugodno vpliva poveèanje
masnega vztrajnostnega momenta krilca okrog teèajne
osi. Zato je kot poenostavljeni kriterij za prepreèitev
vihranja na letalih splo�ne kategorije v [7] definirano
razmerje med masnim deviacijskim in vztrajnostnim
momentom krilca I

OY 
/
 
I

Y
. Vrednost razmerja je odvisna

od najveèje hitrosti strmoglavljenja letala in je
dobljena na podlagi:
- statistiènih analiz geometrijskih, vztrajnostnih in

elastiènih lastnostih letal, pri katerih se je med
letom pojavilo drhetnje, in na temelju uporabljenih
metod za odpravo vihranja,

- omejenega �tevila preskusov poltogih modelov
v vetrovniku,

- analitiènih raziskav aeroelastiènosti na
dvodimenzionalnem modelu.

V primeru, da teèajna os ni pravokotna na
vzdol�no os letala (sl. 1), dobimo masni deviacijski
moment glede na osi Y in O z naslednjo transformacijo:

The prevention of flutter is also helped by an increase
in the mass moment of inertia of the aileron about its
hinge axis. Hence, the ratio between the aileron prod-
uct of inertia and the mass moment of inertia I

OY 
/
 
I

Y
 is

defined as simplified flutter-prevention criteria in [7].
The value of the ratio depends on the design dive
speed and it is obtained on the basis of:
- a statistical study of the geometric, inertia and

elastic properties of those airplanes that have
experienced flutter in flight, and the methods used
to eliminate the flutter;

- limited wind-tunnel tests conducted with semi-
rigid models;

- analytic studies based on a two-dimensional
model.

If the aileron-hinge axis is not perpendicular to
the longitudinal axis of the airplane (Fig. 1) the mass
product of inertia with respect to the Y and O axes is
calculated using the transformation given below:

(2).

Sl. 1. Definicija teèajne osi Y in osi O, vzporedne z osjo trupa letala, ki poteka skozi vozel prve upogibne
lastne oblike nihanja krila

Fig. 1. Definition of hinge line Y and the wing�s fundamental bending-node line O

2 REZULTATI IN RAZPRAVA

Optimalne izmere in lego balansirne ute�i smo
doloèili za krilce lahkega letala splo�ne kategorije, za
katerega lahko uporabimo kriterij dinamiène
uravnote�enosti krilca podan v [7]. Glavne izmere
krilca, narejenega iz armirane plastike, so prikazane
na sliki 2. Teèajna os je pravokotna na vzdol�no os
letala, globina krilca pa se klinasto zmanj�uje proti
koncu krila. Balansirna ute� je vgrajena v sprednji
rob krilca, pri èemer zna�a notranji premer zaokro�itve
sprednjega roba krilca 12 mm.

Za doloèitev ustreznega masnega
deviacijskega in vztrajnostnega momenta krilca smo
uporabili paket za raèunalni�ko podprto
konstruiranje Pro/ENGINEER. Sprva smo preraèunali
vrednosti za krilce brez ute�i in jih primerjali z
izmerjenimi.

Glede na podatke o gostoti posamezne
plasti armirane plastike in pene [9] smo s

2 RESULTS AND DISCUSSION

The optimum size and position of the balance
weight was determined for the aileron of a general-
category airplane for which the use of the aileron
balance criteria given in [7] is adequate. The main
dimensions of the aileron, which is made of fibre-
reinforced material, are presented in Figure 2. The hinge
axis is perpendicular to the airplane�s longitudinal axis
and the aileron chord is tapered towards the wing tip.
The balance weight is integrated into the aileron�s lead-
ing edge, with an inner diameter of 12 mm.

The corresponding mass product and moment
of inertia of the aileron were determined using the
Pro/ENGINEER computer-aided-design software. As
a first step, the values for the aileron without the
balance weight were determined and compared to
the measured values.

With the available density data for an individual
layer of fibre-reinforced composite and foam [9], and us-

OY XY YYsin cosI I I= Φ − Φ

 

X 

F 

O 

 

Y 
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programom doloèili maso strukture krilca, ki zna�a
1,369 kg. Maso nanesene barve smo ocenili kot
razliko do mase krilca brez uravnote�ne palice, ki
zna�a 1,745 kg. Predpostavili smo, da je barva
enakomerno porazdeljena po povr�ini krilca. Nato
smo primerjali izraèunane in izmerjene vrednosti
lege masnega sredi�èa (preglednica 1). Lego
masnega sredi�èa krilca brez uravnote�ne palice
smo doloèili z merjenjem sile v podpori in z
obe�anjem krilca [9]. Pri merjenju sile v podpori
smo uporabljali napravo Zwick Z050 s sondo za
merjenje sile do 100 N, tip KAP-S K1 0,05N
proizvajalca System Technik GmbH. Z obe�anjem,
kakor je prikazano na slikah 3a in 3b, smo doloèili
lego masnega sredi�èa vzdol� razpona krilca y

t 
ter

po globini krilca x
t
. Navpièno razdaljo med masnim

sredi�èem in teèajno osjo z
t
 pa smo doloèili z

obe�anjem krilca okrog teèajne osi in zadnjega
roba krilca [9].

Vrednosti masnih vztrajnostnih momentov
krilca smo doloèili na podlagi meritev periode
lastnega nihanja krilca. Najprej smo doloèili masni
vztrajnostni moment I

XT
 okrog osi X

T
, ki je vzporedna

ing the software, the mass of the aileron structure was
found to be 1.369 kg. The mass of the paint represents the
difference between the measured mass of the aileron with-
out the balance weight (1.745 kg) and the calculated mass
of the aileron structure. It was assumed that the paint is
distributed evenly over the aileron surface. Thereafter, the
calculated position of the aileron�s centre of gravity was
compared with the measurements (Table 1). The centre of
gravity of the aileron without the balance weight was ex-
perimentally determined by measurements of the force at
the support and by the hanging aileron [9]. Measurements
of the support force were conducted on a Zwick Z050
Universal Testing Machine using a KAP-S K1 0.05N force
transducer manufactured by System Technik GmbH. Fig-
ures 3a and 3b represent estimations of the centre-of-grav-
ity position of the aileron along the span y

t
 and along the

chord x
t
. The vertical distance between the hinge line and

the centre of gravity z
t
 was established by hanging the

aileron about its hinge line and trailing edge [9].
The experimental determination of the correspond-

ing mass moments of inertia is based on a measurement of
the period of the free oscillation of the aileron. At first the
mass moment of inertia I

XT
 about the X

T
 axis was determined.

Sl. 2. Glavne izmere levega krilca
Fig. 2. Main dimensions of left aileron

Preglednica 1. Primerjava izraèunanega in izmerjene lege masnega sredi�èa
Table 1. Comparison between the calculated and measured position of the centre of gravity

 l 

316 

280 

1800 
 a 

 d 

 
Izraèunano 
Calculated 

Izmerjeno 
Measured 

Odstopanje 
Deviation 

xt - za �arnirno osjo 
xt - behind hinge line 

45,6 mm 46,7 mm 2,4% 

yt - od �ir�ega roba krilca 
yt - from wider aileron edge 

882,2 mm 881,8 mm 0,05% 

zt - pod �arnirno osjo 
zt - below hinge line 

37,0 mm 37,7 mm 1,9% 
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z osjo X (sl. 1) in poteka skozi masno sredi�èe krilca.
Pri tem smo krilce polo�ili na trikotno podporo na
razdalji l od stranice, na katero je bila pritrjena vzmet
togosti k (sl. 4a). Uporabili smo dve razlièni vzmeti,
ki sta bili vedno natezno obremenjeni, njuno togost
pa smo pomerili na napravi Zwick Z050 [9]. Na
podlagi merjenja periode nihanja smo masni
vztrajnostni moment okrog osi X

T
 izraèunali po

enaèbi:

kjer je l
MS

 razdalja med masnim sredi�èem MS in
t r ikotno podporo.  Za doloèi tev  masnega
vztrajnostnega momenta krilca okrog teèajne
osi smo vzmet pritrdili na zadnji rob krilca (sl.
4b). Iz izmerjenega èasa periode nihanja smo
prek izraza:

The X
T
 axis is parallel to the X axis (Figure 1) and goes

through the aileron�s centre of gravity. The aileron was
supported at a distance l from the side where a spring with
stiffness k was attached (Figure 4a). Two different
tensionally loaded springs were used, the stiffness of the
springs was experimentally established on the Zwick 050
[9]. Using the measured values of the period of the oscilla-
tions, the mass moment of inertia about the X

T
 axis was

calculated with the equation given below:

(3),

where l
MS

 is the distance between the aileron�s centre of
gravity and the support. In order to determine the mass
moment of inertia about the hinge line, the spring was
attached at the aileron�s trailing edge (Fig. 4b). Using the
measured values of the period of the oscillations, the mass
moment of inertia about the hinge axis was evaluated with:

(4)

Sl. 4. Doloèitev masnega vztrajnostnega momenta krilca okrog osi X
T
 (a) ter okrog teèajne osi (b)

Fig. 4. Determination of the aileron mass moment of inertia about X
T
 axis (a) and hinge axis (b)

Sl. 3. Doloèitev lege masnega sredi�èa po razponu (a) in globini (b) krilca z merjenjem sile v podpori
Fig. 3. Determination of the position of the centre of gravity along the aileron span (a) and chord (b) by

measurement of the support force

T

2
2 20

X MS4

T
I kl ml

π
 = −  

2
2 0
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T
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π
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 c 
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izraèunali masni vztrajnostni moment I
Y
 okrog teèajne

osi Y. Primerjava med izraèunanimi in izmerjenimi
vrednostmi masnih vztrajnostnih momentov je podana
v preglednici 2.

Ugotovljeno odstopanje izraèunanih
vrednosti lege masnega sredi�èa in masnih
vztrajnostnih momentov od izmerjenih vrednosti
je manj�e od 3%, kar potrjuje kakovostne vhodne
parametre in ponuja mo�nost doloèitve potrebne
balansirne ute�i. Nekoliko veèje je le odstopanje
med izmerjeno in izraèunano vrednostjo masnega
vztrajnostnega momenta I

XT
, kar pripisujemo veèji

masi stranic krilca.
Glede na naèrtovano najveèjo dovoljeno

hitrost leta iz diagrama v [7] razberemo, da mora biti
parameter dinamiène uravnote�enosti krilca
I

OY 
/
 
I

Y
 < 1,75. S programom smo tako doloèili izmere

in maso simetrièno name�èene jeklene balansirne ute�i
(preglednica 3).

V nadaljevanju smo s paketom Pro/ENGI-
NEER po gradientni metodi optimirali izmere in lego
balansirne ute�i z namenom, da bi minimizirali
potrebno maso. Pri optimizaciji jeklene balansirne
ute�i smo najprej spreminjali dol�ino l, premer d ter
oddaljenost ute�i a od stranice krilca, ki je bli�je
koncu krila (sl. 2). Balansirna ute� ima obliko valja,
zato se mora pri poveèanju premera os ute�i
pomakniti proti sredini krilca, tako da ute� nalega na
notranji povr�ini spodnje in zgornje skodele krilca
(sl. 5). Optimalne izmere in masa jeklene palice so
podane v preglednici 3.

Balansirna ute� je postavljena tako, da se
dotika stranice krilca, ki je bli�e koncu krila
(a = 0 mm). S tako namestitvijo ute�i se najbolj
zmanj�a vrednost masnega deviacijskega momenta.
Optimalni premer balansirne ute�i je 12 mm, s èimer
je os ute�i najbolj oddaljena od teèajne osi. V primeru

A comparison between the calculated and measured
values of the mass moments of inertia is given in Table 2.

We observed that the position of the centre of
gravity and the values of the mass moment of inertia of
the aileron obtained with the software are in good agree-
ment with the measured values, the deviation being
only 3%. The difference between the calculated and
measured value of the mass moment of inertia I

XT
 is

somewhat larger, probably as a result of the higher mass
of the two sides of the aileron.

The limiting value of the parameter of dy-
namic balance of the aileron I

OY 
/
 
I

Y
 is obtained from

the diagram in [7] according to the design dive speed,
and must not exceed 1.75. Using the software, the
corresponding size and mass of the balance weight
placed at the leading edge, and symmetrically with
respect to the aileron span, was determined and is
given in Table 3.

Subsequently, the optimisation of the size and
position of the balance weight with respect to the
minimisation of the mass was performed with the Pro/
ENGINEER software, by applying the gradient-
optimisation method. The first part of the optimisation
process for the balance weight, which was made of
steel, was the variation of the length l, the diameter d
and the distance a between the balance weight and the
outward side of the aileron. The balance weight has a
cylindrical form. If its diameter is enlarged, the balance
weight is placed further aft so that its surface touches
the inner surface of the aileron�s skin (Figure 5). As a
result of the optimisation we obtained a balance weight
made of steel with the dimensions given in Table 3.

To achieve the best position, the balance weight
has to be aligned with the outer side of the aileron (a = 0 mm).
In this way the value of the product of inertia of the aileron is
mostly reduced. Furthermore, the diameter of the balance
weight must be 12 mm, since in this case the largest distance

Preglednica 2. Primerjava izraèunane in izmerjene vrednosti masnega vztrajnostnega momenta
Table 2. Comparison between the calculated and measured values of the mass moment of inertia

Preglednica 3. Masa in izmere simetrièno name�èene in optimalne jeklene balansirne ute�i
Table 3. Mass and size of symmetrically placed and optimum balance weight made of steel

 Izraèunano 
Calculated 

Izmerjeno 
Measured 

Odstopanje 
Deviation 

TXI  
okrog osi XT 
about axis XT 

0,4871 kgm2 0,5146 kgm2 5,6% 

IY 
okrog �arnirne osi Y 
about hinge axis Y 

0,0195 kgm2 0,0197 kgm2 1,0% 

 

Jeklena balansirna ute� 
Balance weight made 
of steel 

masa ute�i 
mass of 
weight 

dol�ina ute�i l 
length of 
weight l 

premer ute�i d 
diameter of 

weight d 

masa krilca 
aileron mass 

simetrièno name�èena 
symmetrically placed 

1,140 kg 1234 mm 12 mm 2,885 kg 

optimalna lega 
optimum position 

1,045 kg 1129 mm 12 mm 2,790 kg 
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poveèanja premera je treba balansirno ute�
premakniti proti teèajni osi, kar zmanj�uje masni
vztrajnostni moment krilca in ugoden prispevek
balansirne ute�i k masnemu deviacijskemu momentu
krilca.

Tudi v primeru dodatnega parametra,
notranjega polmera balansirne ute�i smo dobili enak
rezultat optimiranja balansirne ute�i, vgrajene v krilce.
Maso balansirne ute�i smo zmanj�ali za 8,3%, maso
celotnega krilca pa za 3,3%. Masno sredi�èe
dinamièno uravnote�enega krilca le�i x

t
 = 7,2 mm za

teèajno osjo.
Tudi v primeru svinèene balansirne ute�i

je optimalni premer 12 mm ter namestitev na skrajni
zunanji konec krilca. Zaradi veèje gostote je potrebna
dol�ina palice manj�a (770 mm), kar ugodno vpliva
na masni deviacijski moment I

OY
. V primerjavi s

simetrièno name�èeno balansirno ute�jo je v tem
primeru masa ute�i zmanj�ana za 11%, celotnega
krilca pa za 4,4%. Masno sredi�èe dinamièno
uravnote�enega krilca s svinèeno ute�jo le�i 8,2 mm
za teèajno osjo.

Glede na to, da kriterij dinamiène
uravnote�enosti krilca vsebuje masni deviacijski
moment, je optimalna lega balansirne ute�i na
skrajnem sprednjem in zunanjem koncu krilca
prièakovana. Z optimizacijo smo za obravnavani
primer poiskali �e optimalno razmerje med dol�ino
in premerom ute�i.

3 SKLEPI

Krilca v veliki meri vplivajo na vihranje
krila zato moramo pri snovanju letala uporabiti
re�itve, ki prepreèujejo samovzbujana nihanja
krila v uporabnem hitrostnem obmoèju. Pri
l e ta l ih  sp lo�ne  ka tegor i j e  j e  eden  od
poenos tavl jen ih  kr i te r i jev  prepreèevanja
vihranja parameter dinamiène uravnote�enosti
krilca. Oblika krilca in lega teèajne osi sta
zasnovana  g lede  na  ae rod inamièno
uèinkovitost krmila in velikost krmilnih sil.
Krilce tako dinamièno uravnote�imo z dodatno
maso. Zato je pametno poiskati optimalne

between the balance weight and the hinge line is achieved.
If the diameter of the balance weight is enlarged it must be
placed further aft. As a consequence, the mass moment of
inertia as well as a favourable contribution of the balance
weight to the product of inertia would be reduced.

After including another parameter, i.e. the
inner radius of the balance weight, the same optimum
size and position of the weight were obtained. After
the optimisation, the mass of the balance weight and
of the whole aileron were reduced by 8.3% and 3.3%,
respectively. The centre of gravity of the dynamically
balanced aileron lies x

t
 = 7.2 mm aft of the hinge line.

With the balance weight made of lead, the
same optimum diameter of 12 mm and placement at the
outer end of aileron were obtained. Due to higher den-
sity, the necessary length of the balance weight was
shorter (770 mm), which had a positive effect on the
product of inertia I

OY
. Compared to the symmetrically

placed balance weight, the masses of the balance weight
and of the whole aileron in this case were reduced by
11% and 4.4%, respectively. The centre of gravity of the
dynamically balanced aileron with the balance weight
made of lead lies x

t
 = 8.2 mm aft of the hinge line.

Since the product of inertia is included in the
aileron balance criteria the placement of the balance
weight of the outmost outward and forward position
inside the aileron is expected. However, with optimisation
the ideal relation between the length and diameter of the
balance weight was achieved for our case.

3 CONCLUSIONS

The aileron greatly influences the occurrence
of wing flutter. Therefore, during the airplane design,
appropriate measures have to be taken in order to
achieve freedom form flutter in the operational speed
range. For general-category airplanes one of the simpli-
fied criteria for demonstrating freedom from flutter is the
aileron balance criterion. Since the aileron shape and its
hinge-line position are determined with respect to the
aerodynamic effectiveness of the control surface and
the magnitude of control forces, a balance weight must
be added in order to dynamically balance the aileron.
Hence, it is of primary interest to the engineer to optimise

Sl. 5. Vpliv premera balansirne ute�i na namestitev znotraj krilca
Fig. 5. Effect of balance-weight diameter on its position inside the aileron
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i zmere  in  l ego  ba lans i rne  u te� i ,  da  b i
minimizirali maso krilca.

Pri delu smo uporabili paket za raèunalni�ko
podprto konstruiranje, ki ne ponuja samo mo�nosti
za iskanje primerne zasnove, v na�em primeru
dinamiène uravnote�enosti krilca, ampak tudi z
metodami optimiranja doloèit optimalno zasnovo
glede na dano ciljno funkcijo in kriterije. Pravilnost
modela smo potrdili s preskusom, z optimiranjem izmer
in lege pa smo maso balansirne ute�i zmanj�ali za
8,3 % oziroma 11 odstotkov. Nadaljnjo mo�nost za
zmanj�anje mase krilca daje soèasno optimiranje krilca
glede na dinamièno uravnote�enost in nosilnost.

the size and the position of the balance weight in order
to minimise the weight.

In our work the computer aided design soft-
ware we used not only offers the possibility of find-
ing a feasible solution but also an optimum design
with respect to the goal function and restrictions.
The accuracy of the model was confirmed by experi-
ments. As a result of the optimisation of the size and
position of the balance weight, its mass was reduced
by 8.3% and 11%. A further reduction of the aileron
mass could be achieved by simultaneous optimisation
of the aileron with respect to the aileron balance cri-
teria and structural strength.
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