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INFLUENCE OF THE AT “WINGLETS” TYPE ON THE LONGITUDINAL
STATIC STABILITY OF ANGLE OF ATTACK OF THE AIRCRAFT

Introduction

Lifting force of the aircraft wing is formed due to
the difference in pressure under the wing and above
the wing. From the high-pressure region from below,
air flows over the edge of the wing into the region of
reduced pressure from above. These -currents,
forming with the main — in front flow, form
powerful vortex bundles of air, pulling the aircraft
back from the ends of the wing. End vortices lead to
a redistribution of the lifting force along the span of
the wing, reducing its effective area and elongation,
form an inductive resistance and reduce the
aerodynamic quality [6-10]. To reduce these
negative factors on the ends of the wing of many
modern aircraft, aecrodynamic wingtips are installed
(end washers or Witecomb washers, AT Winglets,
sharklets) — small additional elements at the ends of
the aircraft wing planes in the form of wings or flat
washers. It is proved that these designs increase the
effective span of the wing, reduce the inductive
resistance, and, as a result, increase the lifting force
at the end of the wing, increase the aerodynamic

quality and lengthening of the wing, almost without
changing its swing [1-5]. They also increase the fuel
efficiency of aircraft or the range of flight in gliders.
Currently, the same types of aircraft can have
different versions of the wingtips. For example,
sharklets — lift up the end of the wing. The ends of
the keel and stabilizer have a similar design.

Figure shows four different types of Witecomb
winglets available to AIRBUS.

In this article, we determine the aerodynamic
forces acting on the aircraft in a steady horizontal
flight and the longitudinal moment of these forces
relative to the transverse axis passing through the
center of gravity for a wing with aerodynamic tips
such as AT Winglets.

The coefficients of these forces and moments are
recorded. Using the expressions for the coefficient
of the longitudinal moment for an aircraft with a
wing without wingtips, the longitudinal moment
coefficient for the aircraft with a wing with
aerodynamic ends was recorded, and its derivatives
were calculated.

A380

Four different types of winglets

Formulation of the problem

During the flight, various external perturbations
of the turbulence type, updraughts and downdraughts,
gusty wind, etc. can act on the aircraft.

At the same time, overload, angle of attack, flight
speed and other parameters can be changed.
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Aircraft is required possess the property of
longitudinal static stability for overload, i.e. restore
the violated preset flight mode without pilot
intervention, provided that the flight speed is
practically unchanged.



HaykoemHi TexHonorii Ne 4(40), 2018

499

To determine the characteristics of the stability of
the aircraft, it is necessary to know the mathematical
model of its movement, which occurs under the
action of forces and moments that lead to its rotation
and translational motion. The mathematical model of
the aircraft, which makes it possible to investigate
the stability of its disturbed motion, describes the
process of aircraft reaction to the deviation of
control organs or the action of external
perturbations. This model is nonlinear, which makes
it difficult to obtain important results for practice. In
a number of problems, in order to simplify the
calculations, it is possible to regard the motion as
steady and to regard the perturbation as small. This
approach will be used in this work. As the studies
below show, even in steady traffic, taking into
account the influence of wing tips on aircraft
stability issues is extremely difficult, which is the
main reason for the lack of publications in this field.

Longitudinal wing with aerodynamic tips

We place the origin of coordinates in the middle
of the wing, we direct the axis Oz along the span to
the right, the axis Oy upwards and the axis Ox along
the unperturbed flow. We determine the longitudinal
moments (the pitch moment) relative to the axis of
all the forces acting on the aircraft. As is known, in a
horizontal flight the following forces act on the
airplane:

— the force of weight G — is applied to the
center of gravity and is always directed vertically
down to the center of the earth;

— the lift of the aircraft ¥ — is applied to the
center of pressure and is directed perpendicular to
the direction of the undisturbed flow;

— the drag force of the aircraft O — is located

on the longitudinal axis and is directed in the
direction opposite to the movement of the aircraft;

— tractive force P — in general, directed
towards the aircraft, along the axis of the engine;

— full aerodynamic forces created by the upper
tips.

The force created by the left upper end is denoted

—

R”, and the force created by the right upper end like

R; . The projections of these forces on the axis of

the selected coupled coordinate
expressed by the formulas [4; 5]

system are

R = {Rﬂ“ cospsina._, R’ sin,—R’ coscpcosocz} ;

_ 6]
R = {Rf cosgpsina.,, R’ sing,—R’ cos<pcosocz} ,

the total aerodynamic forces created by the lower

tips, denoted, respectively, the left E;{ and right ﬁ: .

The projections of these forces on the coordinate
axes are expressed by the formulas

R'= {R: cospsinf, R sin, R’ coscpcosB} ;

R'= {R;‘ cospsinf, R sinp,—R! cosq)cosB}.

Modules of forces defined by formulas (1), which
create the upper left and upper right wingtips, are
equal. Therefore, the indices denoting “left” and
“right” for the modules of these forces are not used
in the future. This also applies to forces determined
by formulas (2).

So, the modules of the aerodynamic forces
created by one upper and one lower wingtips,
respectively, will be indicated in the form

R|=|R|=r", |R:|=|R}|=R"

2

The coefficients of forces R® and R" denote,
respectively, the letters C* and C" i.e.

2 2
rR=cls procPleg
2 2

The forces created by the wingtips are small
compared to other forces acting on the aircraft. We
will assume that their changes in the angle of attack
are also small.

We will assume that the center of gravity of the

aircraft is on the axis Ox, at a distance x, from the
nose of the aircraft. The distance of the center of
pressure from the nozzle aircraft will be denoted
X, , and the distance of the focus point by the letter

Xy . If necessary, we will assume that these points

are on the average aerodynamic chord (MAR) and
are calculated from the beginning of the MAR. The
position of the focus is significantly influenced by
the Mach number of the flight, in the transonic zone
of Mach numbers there is a sharp shift of the focus
back. With a further increase in the Mach number,
the position of the focus stabilizes.

Suppose that the wvertical projections of the
centers of pressures of all parts of the wingtips
intersect with the axis Oz. The distance of the
centers of pressure of the upper halves of the
wingtips from the axis Oz is denoted by the letter
", and the centers of pressure of the lower halves by
the letter y".

Then, the tops of the wingtips together will create
a dive moment relative to the axis Oz :

M’ =-2y"R’cospsina._,

and the lower parts of the wingtips will create a
tuning moment

M? =-2y"R" cospsinf.

Taking into account the expressions of the
aerodynamic forces of the wingtips through their
coefficients and the dynamic head, we can write

© Malikov E., Miltsov V., 2018
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2
M: =—2y“C“%ScoscpsinaZ,
2
2 3)
] nem PV .
M =-2y"C TScoscl)smB.

From these formulas it is evident that if the
angles of the collapse of the lower wingtips
¢=m/2, then only the dive moment of the upper

wingtips occurs, and if ¢@=mn/2 then only the

kicking moment of the lower wingtips occurs. In
addition, if some angle of collapse is zero, then the
corresponding moment gets the greatest value. Note
that for wings with wingtips, the moments (3) are
associated with the lifting force of the wing and
always arise if a lifting force occurs. In addition, the
angles of twisting of the aerodynamic wingtips are
sufficiently small.

Dividing the expression of the moments into an

. V: : .
expression pT“’Sb where b is the characteristic

linear dimension, for example, the length of the
average aerodynamic chord, and denoting

oM w_ M
me—lEe mi=—Si @)
P b Pe b
2 2

we obtain the expressions for the coefficients of the
moments created by the wingtips

m; ==2y"C” cospsina._;

" =-2y"C" cos ¢sinf,
where »° :y?, y" :% are denoted.
The sum of expressions (4) is the coefficient of
the longitudinal moment created by the wingtips

m_ =-2y"C"cos@sina_ +2y"C" cossinf. (5)
Where m_ is the coefficient of longitudinal

moment of the tips; Here the first letter of the index
indicates the coordinate axis along which the
moment is calculated, and the second indicates the
belonging of the magnitude of the moment to the
aerodynamic wingtip.

The coefficient of the longitudinal moment of the
aircraft consists of the coefficients of the
longitudinal moments of the wing, horizontal tail,
fuselage, nacelle, power plants, etc:

m_=m +m

z z,kp z,20
When the coefficients of each aircraft element are
added [6-10]

m, =mzo+()_cr—)_cF)Cy+m58 +... (6)

z 7 pB

tm M,

z,me

where 6, is the angle of the elevator deflection,

m_=m

zo zo,kp

+ mzo,zu + mzo,(]) +--
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The coefficient of the longitudinal moment of the
aircraft with zero lifting force and with steady RS,

Xp = Xpjp T Xp o T Xp g tooe

The relative coordinate (related to the chord b ) of
the aerodynamic focus of the aircraft, taking into
account its displacement, due to the influence of

) _ X
other parts of the aircraft, x, = f — the

alignment of the aircraft (the relative coordinate of
the center of gravity of the aircraft), (X, —Xx,) —

the centering reserve. Note that the relative location
of the center of gravity and focus, i.e. The reserve of
centering is decisive in the formation of the moment
ensuring the stability of the aircraft. Here, the linear
dependence of the pitch moment coefficient on the
transverse Oz axis on the lift coefficient

om, -
m_=m_, +£Cy =m_ +(xT —xF)Cy.
This formula holds for approximately angles of
attack a<12°, and the coefficients of the formula

are independent of C , - Basically, it is valid for the

aerodynamic moment of the pitch of the wing of a
rectangular shape with respect to the center of mass.
The focus and the center of pressure in the general
case, when m_, # 0, do not coincide with each

other. The position of the focus corresponding to the
linear dependence, approximately in the range of
angles of attack, —10° <a <+10° can be assumed
constant.

As is known, the focus is the point of application
of the increment of the aerodynamic force, which
arises from the perturbations of the motion of the
aircraft, and the moments of these forces act relative
to the center of gravity of the aircraft. The focus
position affects the magnitude of the longitudinal

moment coefficient, since when M > M, the focus

moves backwards, here M, is the critical Mach

number.

For simplicity, we shall only take into account
the written terms of the longitudinal moment
coefficient aircraft in formula (6). Then the
coefficient of the longitudinal moment aircraft in the
presence of aerodynamic wing tips is obtained by
summing formulas (5) and (6)

m, =m.,+(X, —X;)C,—2y"C" cospsina_ + ;

+2y"C" cos ¢sinp+m’3 ()
where the coefficient of the longitudinal moment for
an aircraft with a wing having wingtips is indicated
by the same symbol for a wing without an end, but is

equipped with a cap from above 7. .
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As can be seen, the coefficient of the
longitudinal moment for an aircraft with a wing
without a tip depends linearly on the lift coefficient,
and, as we shall see below, for a aircraft with a wing
with wingtips, this dependence is nonlinear.

Analysis of the stability of the aircraft in the
case of quadratic dependence of the coefficients
of the aerodynamic forces of the winglets on the
coefficient of lift of the wing

Let wus consider some properties of the
coefficients of the aerodynamic forces of the tips,
taking into account that the wing tips have the main
purpose — to reduce the inductive drag of the wing.
Calculations show that the coefficient of inductive
resistance is proportional to the square of the lift
coefficient. Bearing this in mind, we accept the
assumptions that the coefficients of the aerodynamic
forces created by the tips, having a structure similar
to the structure of the drag coefficient of the wing,
can also be proportional to the square of the lift
coefficient of the wing. To prove this, the only
assumption we will have is the independence of the
effective elongation from the lift coefficient. Taking
into account the following formula

-1
~ A
A=All-—————=C_,
{ Cf,(1+8) }

and combining formulas
2

C
C.=—%(1+38
ZXi TC?\,( + )’

C.. =2C"cos@sina, +2C" cosdsinf3,
with the expression of the coefficient of inductive
resistance

c. =%
x

zX

2

C
C,=—(1+96
= (1+9)

as a result, we get
2

C
2C" cosgsina_ +2C" cospsinf =%—;(1+6) .
T

The longitudinal component of aerodynamic
forces created by the tip has the structure of
inductive drag of the wing and reduces it. From the
last equality, for a constant value of the effective
wing extension, it can be assumed that for a given
aircraft the coefficients of the aerodynamic forces of
the upper C° and lower C" parts of the wing tips
are proportional to the square of the lift coefficient

C j . Comparing the expression for the coefficient of

the longitudinal moment of the wingtips (5) with the
last equality, we conclude that the coefficient of the

longitudinal moment m__ is also proportional C yz

In this case, the values of C* and C" can be written

in the form of equalities C* = B,C; and C"=BC;,

where the quantities B, and B, are considered

positive constants for small changes in the angle of
attack o.. From the system of equations (5) and the
last equation it is not difficult to determine

J_)HCZ)C _mZZ .
Bl = —B —H 2 : ?
2(y +y )Cy cos@sino,
)_}BCZX +mZZ
32 = —B —H 2 3 :
2(y +y )Cy cossinfd

Here the values of B, and B, do not depend on

the lift coefficient, with small changes in the angle
of attack, since, as noted above, the numerators of
the right-hand parts, having a structure of the
coefficient of inductive drag of the wing, are

proportional C yz )
We immediately note the following simple
formulas

oc” oC”

2BC,,
y y

We expand the functions C* =B,C, and C" =B,

in a Taylor series with respect to the angle of attack
in a neighborhood of some angle of attack oy,
provided that a — oy <<I as a result we obtain

=2BC, .

oC
C"=2BC, a—y(oc -a,)=2BC,Cy (a—0,),
¥ dau

H aCV o
C"=2BC, a—d(a -a,)=2BC,Cy(a—a,).

Here the coefficients of the difference a — oy depend
on the angle oy. In these formulas only the second
(linear) terms of the Taylor series are written, since
the first terms are zero at the point o, and the next
ones are infinitely small of higher order and
therefore are not written down. On the right-hand
side of this equality the coefficients of the difference
o — ag depend on oo, but do not depend on the
current angle of attack o.
From the last formulas we obtain:
oc =2BC C’ oc

aa ) E = ZBZC},C: .

Taking into account the dependence of the

quantities m_, m’, B, and B, from C, and o, for

z0?

small changes in the angle of attack o, we calculate
the following derivatives of formula (7):

om, . - - — .
aZz =" =(X, —%,)=49"B,C, cosgsina_ +

y

+4y"B,C, cos¢sinf,

© Malikov E., Miltsov V., 2018
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= =[ (%, -, )=49"B,C, cospsina, +

+4y"B,C, cos<|)sin[3] cy,

We also note the dependence of the lift
coefficient on the angle of attack

oC
C = 8(; (a—oco)zC;‘(oc—(xo),

y

where the derivatives are written at a point.

Suppose that under the influence of a short-term
disturbance, the angle of attack of the flight
increased. Then, if the aircraft is stable in the angle
of attack, then, without pilot intervention, the
aircraft creates a dive moment and eliminates the
increments of the angle of attack. Conversely, by
reducing the angle of attack under the influence of
perturbations, the stable aircraft creates a tuning
moment and eliminates increments in the angle of
attack. As can be seen, in both cases the increments
of the angle of attack and the longitudinal moment
have opposite signs, i.e. their ratio is negative for a
stable angle of attack aircraft. At sufficiently small
angles of attack, the ratio of these increments can be
replaced by the corresponding partial derivative.
Thus, we obtain the following results for the static
longitudinal stability of an aircraft with a wing
without wingtips (we will not consider changes in
the parameters of the disturbed motion with time,
which relate to an extremely complex and interesting
region, the dynamic stability of the aircraft):

If m{ <O0then the aircraft is stable;

If m!=0, then the
(indifferent) to stability;

If m{ >0, then the aircraft is not stable.

These conditions are written down with the help
of derivatives with respect to the lift coefficient:

If mZC < 0, then the aircraft is stable;

aircraft is neutral

If mzcy =0, then the aircraft is neutral
(indifferent) to stability;
If mZC > 0, then the aircraft is not stable.

In these formulas, the derivatives are calculated
for the balancing angle of attack a=o,,, where

G
z

L c,
m, (o, )=0. Derivatives m,” and m,’ are called

coefficients, or degrees, of longitudinal static
stability. They determine the speed at which the
perturbed flight parameters return to their initial
values prior to the action of perturbations. The faster
the perturbations of the parameters decay (in time),
the higher is the degree of stability of the original
unperturbed motion of the aircraft.

These conditions are reduced to the following
equivalent conditions for an aircraft with a wing
without wingtips:

© Malikov E., Miltsov V., 2018

If X, —X, <0, then the aircraft is stable;

If X,—Xx,=0, then the aircraft is neutral
(indifferent) to stability;
If X, — X, > 0, then the aircraft is not stable.

Thus, if the center of gravity is located in front of
the focus, then the aircraft is longitudinally statically
stable, if on the contrary, the aircraft is statically
longitudinally stable, and if these points coincide,
then the VS is indifferent to stability. Obviously, the
greater the distance between the center of gravity
and focus, the greater is the recovery torque. The
quantity X, — X, is called the degree of longitudinal
static stability at constant speed.

The derivative /.’ for an aircraft with a wing

with wingtips, calculated above, is written in the
following form

. :(7r +45'B,C, cos¢sin[3)—
BC o ®)
~(, +47'B,C, cosgsina., ).

The first bracket on the right side of this equality
is called the effective centering, and the second is
the effective focus of the aircraft, the wing that has
two-sided wingtips:

Xy =X; +4Y"B,C, cos ¢sinf3;

X =x,+4y"B,C cosgsina_.

As can be seen, the upper parts of the wingtips,
creating a dive moment, contribute to an increase in
the effective focus of the aircraft, and the lower end
of the end pieces, creating a kicking moment;
increase the effective centering of the aircraft.
Effective values, being proportional to the lift
coefficient, begin to differ from the corresponding
wing values without the wingtips, once the wing
creates a lift.

Wingtips shift back degrees of longitudinal static
stability of the aircraft at a constant speed. In this
case, if

4y"B,C, cos@sinB=4y"B,C, cospsina_,

then the expansion of the degree of longitudinal
static stability of the aircraft at a constant speed does
not occur. As is well known, the degree of stability
determines the speed of return of the perturbed
motion parameters to their original, unperturbed
values. When the last equality is fulfilled, the
wingtips do not affect the longitudinal static stability
of the wing, which does not have a tip.

If the angle of collapse of the lower wingtips
¢ =0, then the elongation of the effective centering

of the aircraft is greatest at a constant twist angle of
the lower wingtip B, and if ¢ ==n/2, under the same

condition, the displacement of the aircraft alignment
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does not occur. Similarly, if the angle of cambering
of the upper wingtip ¢ =0, then the extension of the

effective focus of the aircraft is greatest with the
unchanged twist angle of the upper wingtip o_, and

if @=n/2, under the same condition, the shift of

the effective focus of the aircraft does not occur.
Obviously, in the presence of only vertical (upper)
wing tips, the effective focus of the aircraft is shifted
as much as possible, and the alignment does not
change. At the same time, the module of the
centering reserve (X, — X, ) increases and the

stability properties of the aircraft are still being
strengthened.

Thus, for an aircraft with a wing with wingtips,
the derivative of the coefficient of the longitudinal
moment with respect to the lift coefficient can be

written in the following form
~C, _ — —
m,” =Xp = Xpy-
Then the analysis of the longitudinal static
stability of an aircraft with a wing with tips leads to
the following conditions:

If X,, — X, <0, then the aircraft is stable;
If X,,—X., =0, then the aircraft is neutral

(indifferent) to stability;
If X;5 — Xy > 0, then the aircraft is not stable.

Let us analyze these conditions. Suppose that the
wing has only the upper wingtips, then, according to
formula (8), we have the following

e =X, - ()_CF +4y°B,C cosgsina, )

If aircraft without wingtips is neutral to stability,
ie. X, =X, =0, then the wingtip turns the aircraft
to stable

s = —4y°B,C cososina, <0.

If aircraft without wingtips is not stable, i.e.

X; —X, >0 , then, with
C

m, =(X, —X;) —(4?BB1Cy cos psina, ) <0.

z

The aircraft with the wingtips will be stable, with
e = (%, — %, ) - (4)7331Cy cos@sina, ) =0.

It will be neutral to stability, and when
~C

S = (')—CT _fF)— (4)7“BIC}, cos@sin OLZ) >0,

z

it is not stable.
If aircraft without wingtips is stable, i.e.

X; — X, <0, then the wing tips still strengthen this
property

Mo = (fr -X, ) —(4)7’331Cy cos @sin ocz) <X;—X. <0.

z

Suppose now that the wing has only the lower
wingtips; then from (8) we have

e =(%, ~%,)- (4)7i B,C, cos¢sin[3).

If aircraft without wingtips is not stable, i.e.
X;—Xx, >0, then the wingtips enhance this
property aircraft:

= (%, —X;)+4y"B,C, cos¢sinf > X, — X, > 0.

If aircraft without wingtips is neutral to stability,
ie. X, —Xx, =0, the lower wing tips make the
aircraft non-stable
e’ = (% — X, )+45"B,C, cos¢sinp =

=4y"B,C, cos¢sinfp > 0.

I aircraft without wingtips is stable, i.e.
X; —X, <0, the lower wing tips can turn it to
neutral to stability provided:

AC

m," =(X, —X,)+47"B,C, cossinf = 0;

z

to the unstable — under the condition
~AC,

m," =(%, —X,)+47"B,C, cos¢sinp >0

z

and rest stable, but reduce the reserve of alignment
provided

s = (fT —;TF)+ 43"B,C cossinp < 0.

z

As follows from this analysis, the upper and
lower parts of the wingtips have the opposite effect
on the stability of the aircraft. Let us consider the
issues of their joint influence on the stability of the
aircraft.

If the aircraft without wing tips is not stable, i.e.

Xp—Xp > 0, then the wing tip does not change
this property of the aircraft provided X,, —X., >0;

provided X;, —X., =0 that the wing tips end up
turning aircraft to neutral to stability, and provided
Xpy — Xpy <0 — to stable ones.

If the aircraft without wing tips is neutral to
stability, i.e. X, —X, =0, then the wing tip does not
change this property of the aircraft provided
Xy —Xpy =0; provided X, —Xp, >0 that the
wing tips turn the aircraft to not stable, and provided
Xpy — Xy <0 — to the stable ones.

If the aircraft without wing tips is longitudinally
stable, i.e. X; — X, <0, then the wing tip does
change this property of the
provided X,, — X, <0; provided X, —X., >0

not aircraft

that the ends of the wing transform the aircraft to
non-stable ones, and provided X, —X., =0 that
they are neutral to stable structures. As follows from
formula (7), if the elevator is rejected by an angle

_ 2y°C” cospsina, —2y"C" cos @sinf
pB 3 :

m

z

0

© Malikov E., Miltsov V., 2018
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Then the stability properties of an aircraft with a
wing without a tip will not be disturbed by the
influence of the wingtips.

Conclusions

The aerodynamic forces created by the
Witecomb-type “winglet” wingtips during flight
have been determined and an expression of the
longitudinal moment coefficient and its coefficient
has been obtained.

The case of the quadratic dependence of the
coefficients of the aerodynamic forces of the
wingtips on the coefficient of lift of the wing is
considered.

With small changes in the angle of attack, the
partial derivatives of the coefficient of the
longitudinal moment with respect to the lift
coefficient and the angle of attack, which is called
the degree of longitudinal static stability, are
calculated.

The concepts of effective centering and effective
focus of the aircraft, a wing that has bilateral
wingtips, are introduced. It is shown that the
conditions of the longitudinal static stability of an
airplane along the angle of attack are recorded by
analogous formulas for an airplane without wingtips
when the centering and focus are replaced by the
corresponding effective values.
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INFLUENCE OF THE AT “WINGLETS” TYPE ON THE LONGITUDINAL STATIC STABILITY

OF ANGLE OF ATTACK OF THE AIRCRAFT

The effect of the aerodynamic "AT winglets" wingtips on the longitudinal static stability of the aircraft is

investigated by the method of equations of a steady straight-line horizontal flight. The aerodynamic forces created by
the upper and lower parts of the wingtip "AT winglets" are defined. Assuming that the vertical projections of the
pressure centers of all parts of the wingtips intersect the transverse axis, the dive and kicking moments of these forces
are determined. The aerodynamic forces created by all four parts of the wingtip "AT winglets" are determined and their
pitch moments are calculated. The vector of the total aerodynamic force of the wingtips is represented in the form of
components along the associated coordinate system. Equilibrium equations for the steady motion of an aircraft with
wingtips of the "AT winglets" type in a horizontal flight are recorded. This method is used to calculate the expression
for the longitudinal moment coefficient of an aircraft in the presence of aerodynamic wingtips. The forward and
backward arrangements of the centers of pressure of the tips with respect to the vertical plane passing through the
lateral coordinate axis are considered. The derivatives of the coefficients of the roll and yaw moment coefficients for the
slip angle for the wing with the tips that enter the equation for the lateral oscillation of the aircraft are determined. The
correspondence between the derivatives of the coefficients of the moments of roll and yaw for the wings without the tips
and with the tips for the slip angle is established. Using this correspondence, from the known differential equation of
the lateral oscillation of an airplane with a wing without a wingtip, the corresponding equation of lateral oscillation of
the airplane is obtained for the aircraft for a wing with a wing with wingtips. The expression of the longitudinal
moment and its coefficient for an aircraft taking into account the influence of aerodynamic wing tips is derived. With
small changes in the angle of attack, the partial derivatives of the longitudinal moment coefficient with respect to the
angle of attack and the coefficient of lift are calculated. The conditions for the longitudinal static stability of the aircraft
along the angle of attack are recorded, taking into account the influence of wing tips.

Keywords: AT winglet; mathematical model; centering; focus; longitudinal static stability in the angle of attack.
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Meauxos J. T., Miabuos B. €.
BILUIMB 3AKIHHIBOK KPHUJIA THUIIY “AT WINGLETS” HA IIPOAOJIBHY CTATHYHY

CTIMKICTb JIITAKA 3A KYTOM ATAKH

Memooom  pieHaHb  6CMAHOBNIEH020 NPAMOJIHIIHO20 20PU3OHMANLHO20 NOALONMY  OOCNIOACYEMBCA  BNIUG
aepoounamiunux 3akinyieok kpuia “AT winglets” Ha noodoejicnro cmamuuny cmiikicmes aimaka. Busnaueni
AepoOUHAMIYHI CUTU, CMBOPEHI 8epXHimu I HudcHimu uacmunamu 3axonyosox “AT winglets”. Ilepedbauarouu, ugo
8EPMUKANILHI NPOEKYIl YeHmpie MUcCKy 6CIX 4acmuM 3aKiHYIBOK NEPemuHaiomvCs NONEPeyHoI0 BicClo, BUHAYEHI
niKipyroui ma kabpipyoui momenmu yux cui. Busnaueni aepoounamiuni cunu, cmeopeni cima Yomupma 4acmuHamu
saxinyieox kpuna “AT winglets” i obuucneni ix momenmu maneasxcy. Bexmop nosnoi aepoounamiunoi cunu 3axkinyigox
npeocmagiAcmuCs y 6UA0i KOMNOHEHM 6 36'a3aHill cucmemi KoOpouHam. 3anucyemscs PiGHAHHA PIGHOBAZU CIANIO20
pyxy aimaka i3 3axinyiekamu xpuira muny «AT wingletsy @ eopusonmanvHomy nonvomi. L{um memodom obuucieHo
supaxcents Koe@iyieHma noooedxicHvbo2o momenmy I1C 3a nasenocmi aepoOuHamivHux 3aKiHyisok kpuia. Poszensnymi
nepeoHe i 3a0HE PO3MAUYBAHHA YEHMPIE8 MUCKY 3aKIHYIBOK GIOHOCHO 8ePMUKANLHOT NAOWUHU, WO NPOXOOUMb Yepe3
Oiuny KoopouHammuy eicb. Busnaueni noxioni 6i0 xoe@iyicnmie MoOMeHMi6 KPeHy | PUCKAHHS NO KYMY KOB3AHHs O
KpUna i3 3aKiHyieKamu, siki 6xo0simv 6 PiGHsIHHA OIYHO20 KONUBAHHS Aimakd. Bemanoenena ionogionicme noxionux 6io
KoeiyicHmie MoOMeHmi6 KpeHy [ PUCKAHHA 01 Kpunl 0e3 3aKiHYI6oK ma 13 3aKiHYIGKAMU 3a KYMOM KOB3(HHSL.
Bukopucmosyrouu yro 6ionogionicms, 3 8i00M020 OuGepeHyiliHO20 PIGHAHHA OIYHO20 8A2AHHA NIMAKA 3 Kpuiom Oe3
3AKIHYIBOK OMPUMAHO 8i0N0GIOHe PIBHANHS OIYHO20 8A2AHHA IIMAKA 3a KPEHOM OIS IUMAKA 3 KPULOM I3 3aKIHYIBKAMU.

Ompumano 8upadiceHHss NOOOBIHCHLO2O MOMeHmy 1 U020 Koeiyicuma Oas JAimaxka, Wo 6paxoeye 6NIUs
aepoOuHamiuHux 3aKinyieox kpuna. IIpu manux 3smiHax Kyma amaxu obyucieHi npueamui noxiowi 6io Koeghiyienma
NOO0BIHCHLO20 MOMEHMY 3d KYyMoM amaxu i 3a Koegiyicumom niditimanvroi cunu. Ilpugedeni ymosu nooo8xcHvol
cmamuyHol cmiikocmi 1imaxa 3a Kymom amaku, wo epaxoyioms 6NIUGU 3aKIHYIGOK KPULd.

KnrouoBi cnoBa: AT winglet; MaTemaTtnyHa Mopenb; LieHTpiBKa; OOKYC; MOAOBXKHS CTaTMYHa CTIMKICTb 3@ KYTOM
aTaku.

Menukos J. T., Muasuos B. E.
BJIMSIHUE 3AKOHIHOBOK KPbBIJIA #THIIA “AT WINGLETS” HA ITPOJOJIbBHYIO

CTATHYECKYIO YCTOHUUBOCTH CAMOJIETA IO YIJIY ATAKH

Memodom ypasHeHuli yCmaHoBUBUIE2OCS NPAMOTUHEUHO20 20PUSOHMATLHOO NOJeMmd UCCIeOYemcsa GausHue
a3poouUHaAMUYecKux 3aKoHyosox Kpwiia ‘AT winglets” Ha npodoabHyro cmamuuecKylo YCMoUYu8oCms Camonemad.
Onpedenenvl adpoouHamuieckue Cuibl, CO30AHHbIC GEPXHUMU U HUNCHUMU yacmsamu 3axonyoeok “AT winglets”.
IIpeononaeas, umo eepmuxanbHbie NPOEKYUU YEHMPOS OA6IeHUTl 8ceX Yacmeli 3aKOHYOBOK Nepecekaiomcs NONepeyHoll
ocblo, onpedenenvl NUKUpYIOWuUl U Kabpupylowuti momenmuvl dmux cui. Onpedenenvi adpoouHamuiecKue Cuibl,
CO30aHHble 8CEMU UYEeMbIPbMA Y4acmamu 3akonyogox kpviia “AT winglets” u ebluucienvl ux MOMeHmbl MAH2aMHCA.
Bexmop nonnoti aspoOuHamuyeckoll Cuivl 3aKOHYOB0K NPeOCmAasnaemcs 6 euoe KOMHNOHEHM 6 CEA3AHHOU Cucmeme
KOOpOUHam. 3anucvléaemcs ypasHenus pagHo8ecusi YCmano8UEUIE20Cs O8UNCEHUS CAMONeMa ¢ 3aKOHYOBKAMU KPblid
muna «AT wingletsy 6 copusonmanvHom noneme. Dmum MemoOOM GbIMUCTIEHO GblpadiceHue Kodpguyuenma
npodonvhozo momenma BC npu naruuuu aspoounamuieckux 3akOHY08oK kpwviid. Paccmompenwvt nepeonee u 3aonee
PAacnonodicenust Yenmpos OaAGleHull 3aKOHYOBOK OMHOCUMENbHO GEPMUKAILHOU NIOCKOCHU, NPOXooawell uepes
60K08Y10 KOOpOUHaAmuyto ocv. OnpedeieHsvl NPoU3B00Hble 0M KO3PDUYUEHMO8 MOMEHMO8 KPEHA U PbICKAHUSL HO Very
CKONbIICEHUst 0N KPblid C 3aKOHYOBKAMU, KOMOpbvle 6X00Am 6 YpaeHeHue OO0K08020 KoaebaHus camonemad.
Yemanosneno coomeememeue npousgoouvix om Kod3gduyuenmos MomMeHmo8 KpeHa U pulCKanus 0N Kpblived 6e3
3aKOHYOBOK U C 3AKOHYOBKAMU NO Yoy CKoavdcenus. Mcenonv3ys smo  coomgemcmeue, U3  U3BECMHO20
oughpepenyuanvrozo  ypasnenus 00K068020 Kolebanus camonema ¢ KpulioM 0e3 3AKOHYOBOK  NOAYYEHO
coomeemcmeyioujee ypasnenue OK08020 KonedaHUus Camoaema no Kpeny oisl Camonema ¢ KpblioM ¢ 3aKOHYO8KAMU.

Tonyueno svipasxcenue nNpoOOILHOZO MOMeHmMA U e20 Kodpduyuenma Ona camoiema yuumelearoujee GIuUiHuUe
AIPOOUHAMUYECKUX 3AKOHYOBOK Kpblid. 1Ipu Manvix usmMeHeHUAx yena amaxu bl4ucieHbl Yacmubvle npou3sooHsle om
KOG puyuenma npooosbHO20 MOMEHMA NO Y2Iy amaxku u no kodgduyuenmy nodvemuoil cursl. Ilpusedenvt yciosus
NPOOONLHOU CIMAMUYECKOl YCIMOUYUEOCIU CAMOIEMA NO Y2ly amaKy, YHumuléarujie IusHus 3aKoHY080K Kpblild.

KnioueBble cnoBa: AT winglet; matematudeckass Mopfernb; LeEHTpoBKa; (DOKYC; NPOAONbHasi cTaTudeckas
YCTOMYMBOCTb MO Yy aTaku.
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