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CHARACTERISTICS OF WINGS

Introduction

Inductive drag of the wing is associated with the
finiteness of the wing span and arises from the flow
of air through the end sections, perpendicular to the
main one - in front of the incoming flow. Being
inversely proportional to the wing span, it decreases
with increasing span. When designing the
constructors in every way try to reduce the drag of
the aircraft, which leads to an increase in the
aerodynamic quality of the device. In this case, a
decrease in the inductive drag of the wing is also one
of the first to occur in thought. This, at least, can be
achieved by increasing the wing span, or by
preventing the flow of air through the end sections
of the wing. Thus, the idea of using wing tips
(winglets) arose. The wing tips have been used in
aviation since the seventies of the last century, and
bring tremendous fuel savings for the year.
However, theoretical studies in this field began in
2012 in Aczerbaijan in the National Aviation
Academy [1-3]. In the mentioned studies, the
influence of vertical wing tips (VWT) on the
inductive drag is investigated. Various mathematical
models have been constructed that reflect the
influence of the VWT on aerodynamic
characteristics. In the present study, similar
questions are being solved for a wing with
“Advantage Technology winglets” wingtip type.

Formulation of the problem

We take the following coordination system. We
place the beginning of the coordinates in the middle
of the wing, direct the axis of Oz along the span to
the right, the axis Oy's directed upwards and Ox
axis on the undisturbed flow. We define all the
forces influencing on the aircraft with winglets type
“Advantage Technology winglets” at a steady level
flight. Due to equilibrium of these forces we
determine the influence of aerodynamic forces of
wingtip on the inductive drag of the wing.
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The solution of the problem

The following forces effect the plane in level
flight [4-6]:

— The power of the weight G — always
directed vertically down to the center of the earth;

— Lift of the aircraft ¥ — is perpendicular to
the direction of the undisturbed flow;

— Drag force of the aircraft 0 — aimed in the
direction opposite to the movement of aircraft;

— Thrust P — is generally directed towards the
aircraft movement motion, along the axis;

— Full aerodynamic force created by the upper
wingtips. The force created by the upper left wingtip

is symbolized Rf , but the force created by the right
wingtip is symbolized f?;;

— Complete aerodynamic forces created by the
lower wingtips. They are symbolized respectively,
the left R" and the right force R .

The angle between the true velocity and the free-
flow speed for a wing with wingtips a_ equals to the

angle between the vector of the total aerodynamic
force generated by the upper left wingtip R‘; and the

longitudinal axis of the wing, as the sides of these
angles are perpendicular to each other.

Then the projection of the full aerodynamic force
of the left wingtip will have the form:

R ={Ri, R, Ry},
Where
R =R/ cospsina,

Longitudinal force created by the upper left
wingtip, ¢ -angle of wingtip camber (the angle
between the vertical plane of aircraft symmetry and
the tangent plane to the wingtip surface at the point
of'its center of pressure),
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Ry =R/sing
lift force created by the upper left wingtip,
R, =R} cos@cosa,

the lateral force generated by the upper left wingtip.

Here, R’ is the vector unit of R,

8 62 82 82
R =R +R>+R .

This force is applied to the center of the wingtip
pressure. The total aerodynamic force of right upper
wingtip differs from it only with the mark of the
third component, so it can be written as

R :{Rj cos@sina._, Ry sing,—R; COS(pCOS(IZ} .

R =\|R2+R2+RZ =R!
therefore, the lower indices that indicate the left and
right wingtips will be removed in the future.

Then, the right and left upper part of the wingtips
together create a force with components

2R* =Rf +Rf ={2R3 cos@sina,_, 2R’ sin(p,O} . (D)

Obviously,

Now we define the forces created by the lower
part of wingtips (projections) (Fig 1).

Fig. 1. The AT winglet wingtip of the Airbus A319

Since, under the wing the air pressure is much
higher than in the environment, it can be assumed
that the lower left wingtip pressure force is applied
to the center of pressure of the wingtip, normal to its
surface. Lower wingtip camber is indicated by the
letter ¢, and the twist angle of the center of pressure

is indicated by the letter 3.
Then, with the same
argumentation, we can write

2R = R: +Rf = {2R” cos@sinf, 2R"sin, 0} .2

above mentioned

Thus
2R, =2R/ cosgsina,

the longitudinal is force generated by the lower parts
of wingtip, but

2R} =2R"sin@

lift force is created by them.
Because of symmetry, the lateral forces created
by the left and right wingtips, balance each other.
The amount of power generated by all four parts
of the wingtips “Advantage Technology winglets”,

is indicated by the vector ]1 . Thus
R ={R..R,.R.},

zx 2

Where
R_=2R’cosgsina, +2R" cospsinf 3)

the longitudinal component of the vector of total
aerodynamic wingtip force, which obviously reduces
any drag force, and, of course, is added to the force
of traction motors,

R, =2Rsing+2R"sing, @)

the vertical component of the vector of total
aerodynamic wingtip force, which is added to the lift
of the wing, and the lateral component of the vector
of the total aerodynamic force due to the symmetry

of wingtips equals to zero R_ =0.

Now, considering the formulas (3) and (4), we
can write the equilibrium equations of steady motion
of the aircraft with wingtips type “AT winglets” in
level flight in the form of

P+RH—Q=O}

Y+R,-G=0 ()

From the first equation of the system (5) it
follows that the thrust of the engine P balances the
force Q—R_,. Since the force 0=0,, +0; consists

of the sum of the profile and inductive drag and the
profile resistance is almost unchanged, the force R_
reduces the inductive drag of the wing of the finite
span without wingtips, i.e.
AQ[ = sz
or, the reduced part of the inductive drag force
equals to
AQ, =2R"cosgsina, +2R" cospsinf .

Heading in the direction of flight, this force
increases the thrust of the engines and reduces the
drag of the wing. In the case when the angles of
collapse =0 and ¢ =0 it has the greatest value,

and when @=@=m/2 — it turns to zero. Angles o
and P are usually small enough. The latter case is a
consequence of the fact that when ¢=¢=m/2 the

tip turns into a wing extension with large sweep
angles, in comparison with the wing itself, it also
disappears. It turns out a longer wing without
wingtips.
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From the second equation of system (5) it follows
that

Y+R, =G.

As follows from this equality, the lift Y is less
than the weight of the aircraft, and the weight of the
aircraft is balanced by the lifting forces created by
the wing and the tips together. The quantities on the
left side of this equation for wings without wingtips,
with upper endings and with double endings, will be
indicated, respectively, by the indices 0, 1 and 2
from above. Since the weight of the aircraft is

constant and Rzoy =0, then it can be written as

follows:
0 _ vl 1 _y2 2
Y'=Y +R, =Y"+R, =G
Following from formula (4)
1 2
O<R, <R.

Then from the preceding chain of equations, it

follows that
Y'>Y' >y

Thus, provided the weight of the aircraft is
constant, the lift of the wing with the tips is reduced,
and the smallest is obtained for the wing with double
wingtips of the “AT winglets” type. The remaining
part of the lifting force creates aerodynamic
wingtips. In this regard, the distribution of the lifting
force over the entire wing span with the “AT
winglets” wingtip is more even. And this leads to a
decrease in the amplitude of wing oscillations and
noise during flight. Note that the tip itself is also a
profiled winglet and from its end there is a flow of
air towards the fuselage at the upper wingtips and
from the fuselage at the lower wingtips. These
currents, forming with the main flow of air against
motion, create vortices of relatively low intensity,
flowing from the ends of the tips. The inductive drag
of the wing is affected only by the longitudinal
component of the total aerodynamic force of the tips,
defined by formula (3).

Power R__ can be represented through the high-
speed head,

R = EZXqCDSZ = CZquS

zX

where

o
2
is velocity head, S wing area without wingtips, and

9

C.. the coefficient of longitudinal force of the

wingtips. The coefficient of this force is
— S
C

x sz
S

z
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where S, is the sum of the areas of the wingtips.

Then the force AQ, can be written in the form
AQI = szqu.

The coefficient of inductive drag of the wing
with the tips is written in the form of the difference
in the inductive drag of the wing without the tip and

the force factor AQ, :

C2
C.o=—2(148)-C..
m

We express this expression in the following form
2

C
C =2 (148) 1.
. C,(1+8) ~

or

where

-1

~ A

rA=Al-———————C_ | .
{ @0+®ZJ

Aspect ratio of the wing. As can be seen the
value of the aspect ratio makes it possible to record
the inductive drag of the wing with the tips in the
usual form. It is easy to see the inequality, which
shows a decrease in the inductive drag of the wing
under the influence of the wingtips.

Since

nC,

zX

— <]
C;(1+9)

then a square bracket with negative degree is the
sum of a geometric progression

L, TBC, +[ nC., JZ[ mC,. Jl
C:(1+8) (C(1+8) ) [ Ci(1+3)

Substituting this into the expressions for the
effective elongation and leaving only the first two
terms, we have

H{H&}

C3(1+9)

or, taking into account the coefficient of inductive
drag of the wing without wingtips,

H(H&)
Cxi

Taking into account the following formula
C.. =2C: cosgsina, +2C. cos@sinf

we get the following
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A=A
C

xi

- [1_'_ 2C% cososina, +2C> coscpsinBJ

This is an approximate expression of the wing
aspect ratio with double tips.
The relative ratio of the wing is in the following
form
AL C
St (6)
}\’ Cx[
This result can be obtained in another way. We
transform the expression for the aspect ratio

-1
- oy 1
A=A1-————C_ | =2 =
{ C:(1+9) } 1-Ca

— k Cxi — 7\‘ Xi
Cvi - sz zxi
Thus
A= x&
szi
or
XCZY[ = }\‘C‘c[ .

With the following formula C_=C; +C., the

zx?

last equation can be extended
AC,, =XC =)\C, . (7)
Here both & and C,

~; are aspect ratio, and the
inductive drag of the wing with some upper
wingtips. As can be seen, the product of effective
lengthening of the wings with double and only upper
tips on their coefficients of inductive drag is equal to
the product of the wing extension without the
wingtip to its coefficient of inductive drag. Thus,
with increasing effective lengthening of the wing, its
inductive drag decreases and vice versa.

This fundamental result can also be said as
follows: when the weight of the aircraft is constant,
the product of the effective wing aspect ratio with its
wingtips to its coefficient of inductive drag is
constant.

Alternatively, provided the weight of the aircraft
is constant, the ratio of effective wing extensions is
equal to the inverse ratio of their inductive drag
coefficients.

We also must note the following proof of this
result. From the expression for the coefficient of
inductive drag for all wings

365
CZ
C=—2(1+8
L= (143)
we get the following
- C?
AC. =—(1+3)
T

which is constant with a constant weight of the
aircraft.

Assuming the effective wing aspect ratio is
known, from formulas (1.7) it is possible to
determine the loss of inductive drag

AC.=C_.—-C A=C‘—&C.=QCA=%C”

Xt Xt zxi Xt )\’ Xt )\’ Xt )\’ Xt

Conclusion

1. The aerodynamic forces created by the AT
winglet wingtips during the flight are determined.

2. A system of algebraic equations containing all
the forces acting on an airplane with a steady
horizontal flight, which constitutes the mathematical
model of the problem wunder investigation, is
recorded.

3. It is shown that the wing tips reduce the
inductive drag.

4. The aspect ratio of the wing is determined.

5. It is shown that, when the weight of the aircraft
is constant, the product of the aspect ratio of the
wing with its ends to its coefficient of inductive drag
is constant.
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Malikov E.
INFLUENCE OF "AT WINGLETS" WINGTIP TYPE ON THE AERODYNAMIC
CHARACTERISTICS OF WINGS

In this article by the method of equations of steady horizontal flight the impact «AT winglets» wingtips on the wing
aerodynamic quality is explored. The total aerodynamic force, created by all four parts of the wingtips is determined.
The vector of the total aerodynamic force of the wingtips is represented in the form of components of a linked
coordinate system. Equilibrium equations for the steady motion of an aircraft with «AT winglets type wing tips in a
horizontal flight are recorded. From these equations it is obtained that, in the direction of motion, the longitudinal
component of the vector of the total aerodynamic force of the tips reduces the inductive drag of the wing (increases the
thrust of the engines), the vertical component is added to the lifting force of the wing and increases it, and the lateral
components, due to the symmetry of the wing, are in balancing state. It is shown that the lifting force created by the «AT
wingletsy type wingtips is larger compared to the same ones created by the upper wingtips. An important consequence
is that the distribution of the lifting force over the wing span with double tips is more uniform in comparison with the
wing without a wingtip or with a wing with the upper wingtip. The expression for the effective aspect ratio of the wing
with the tips is defined, which is greater than the inductive drag of the wing without the tip. An important consequence
is obtained: at the constant weight of the aircraft , the product of effective wing aspect ratio with the «AT winglets»
wingtips and only the upper wingtips by their coefficients of inductive resistance is equal to the product of the wing
aspect ratio without a tip by its coefficient of inductive drag.

Keywords: AT winglet, a mathematical model, the acrodynamic characteristics, effective aspect ratio, steady motion.

Meaukos E. T.
BIIJIUB 3AKIHIHIBOK «AT WINGLETS» HA AEPOANHAMIYHI XAPAKTEPUCTHUKU KPUJIA

Y cmammi memodom cucmemu pigHaHb YCMAHOBIEHO20 2OPUOHMANLHO2O NOALOMY OOCHIONCYEMbCA  6NIUS
saxinyieox «AT winglets» na aepoounamiuni xapakmepucmuku Kpuia. Busnauaemocs nosna aepoounamiyna cuna, wo
CMBOPIOEMbCS 6CIMA HOMUPMA YACMUHAMU Kpuida. Bexmop nosnoi aepoounamiunol cumu 3aKiHYIGOK YAGIAEMbC Y
8U2NA0I KOMNOHEHm Y 36 A3aHill cucmemi koopounam. Hagooamuca pieHaAHHA pigHOBA2U YCMAHOBNIEHO20 PYX) NiMaKa i3
3akinyiexamu kpuia muny «AT wingletsy y copusonmanvrhomy nonvomi. 3 yux pigHsaHb OMPUMAHO, WO NPAMYIOYU Y OIK
DPYXY, NO300824CHS KOMNOHEHMA 8eKMOPA NOBHOI AepOOUHAMIUHOL CUTU 3AKIHYIBOK 3MEHWYE THOYKMUBHULL ONip Kpuad
(30inbuye cuny msaeu 08U2yHI8), 6EPMUKATbHA KOMIOHEHMA 000A€mMbCsi 00 NIOUOMHOL cunu Kpuna i 30invuye ii, a 6iuni
KOMROHEHMU, 3a PAXYHOK cuMempii Kpuid, 3Haxo0amvcs 6 banancysanvHomy cmati. Ilokaszano, wjo yacmka nioiomHor
cunu, saxa cmeopena saxinyiexamu muny «AT wingletsy, 6itvwia y NOPIGHSHHI 3 MUMU Jic, SKI CMBOPEHI GePXHIMU
3aKiHyiekamu. 3podaeno saxcauge criocmeo npo me, wo po3noodil NIOUOMHOI CULU 3 PO3MAXOM KPULA 3 NOOBILIHUMU
3aKiHyieKamu OLlbW PIGHOMIPHUL NOPIGHSAHO 3 KPULOM 0Oe3 3aKIHYIBOK abo Jc 3 KPUIOM 3 6EPXHIMU 3AKIHYIGKAMU.
Busnauaemoca supas egpexmugHoco noooedicenHs Kpuia 3 3aKinyiskamu, axke Oinvuie iHOYKMUGHO20 Onopy Kpuia b6e3
3akinyieox. Iloxaszamo, wo 3a ymoeu cmanocmi 6azu JNiMakd, MHOJNCEHHS eQeKMUBHO20 NOO0BICEHHS KpPUd 3
3aKiHyiekamu i Koe@iyieHma iHOYKMUBHO20 ONOPY Kpuid € 8eIuyuHd NOCMIlHA.

Kunrouosi ciioBa: AT winglets, MaTeMaTHYHa MOZEINb, a8POJMHAMIYHI XapaKTEePUCTHUKH, e()EeKTUBHE MOAOBKECHHS, iHIyKTUBHUIM
oI1ip, yCTaJICHUH pyX.

Meaukos J.T.
BJUSIHUE 3AKOHIHOBOK «AT WINGLETS» HA ADPOJAUHAMUYECKUE
XAPAKTEPUCTUKU KPLIJIA

B cmamve memoodom cucmemul ypagHeHull YCMAHOBUGUIE20CA 20PU3OHMANLHO20 NONemda UCCIe0yemcs GlusiHue
3akonyosox  «AT  wingletsy ua aspodunamuueckue xapakmepucmuku —Kkpeiia. Onpedensiemcs — NOIHAA
APOOUHAMUYECKAS CUNA, CO30AHHAA BCEMU HYeMbIPbMA YACMAMU 3AKOHYO0BOK. Bexmop noamou aspoounamuyeckotl
CUTBL 3AKOHYOBOK NPEeOCMABIACMCA 6 Ude KOMNOHEHM 8 CEA3AHHOU cucmeme Koopounam. Ilpusoosmces ypasuenus
PagHO8eCUsl YCIMAHOBUBULE2OC OBUNMCEHUA caMoaema ¢ 3aKoHyoskamu kpviaia muna «AT winglets» 6 copusonmanvrHom
noneme. M3 smux ypasHenuil NOAY4eHO, YMO HANPAGISACH 6 CIMOPOHY OBUINMCEHUA, NPOOOTIbHAS KOMNOHEHMA 6€KMopa
NONHOU A3POOUHAMUYECKOU CUIbI 3AKOHYOBOK YMEHbUaem UHOYKMUBHOE CONPOMUBTEHUS. KPblla (VEeIuuusaem Cumy
msazu osueamenetl), 6epMUKANbHAA KOMNOHEHMA npubaeisemcs K NOObeMHOU culle Kpblld U Yyeeiuyusaem ee, d
OOKOGble KOMNOHEHNbI, 3a CUem CUMMEMPUU KPblLId, HAX00Amcs 8 banancupogounom cocmoanuu. Ilokasano, yumo oona
nOObeMHOU cunvl, cozoannas 3axonyoekamu muna «AT wingletsy bonvue no cpagnenuo ¢ memu dice, cO30AHHLIMU
gepxHumu 3axonyoskamu. COenano eajxcmoe cieocmeue 0 Mom, 4mo pacnpedeienue nOObeMHOU CUbl N0 PAa3Maxy
Kpblia ¢ 080UHbIMU 3AKOHYOBKAMU OOlee PABHOMEPHOE NO CPABHEHUIO C KPLLIOM 0e3 3aKOHYOB0K U Hce ¢ KPBLIOM C
8epxHUMU 3aKoHYosKamu. Onpedensiemcs 8vipadiceHue dQPeKmugHoc0 YOTUHeHUs KPblad ¢ 3AKOHYOBKAMU, KOMOpoe
OobUe UHOYKMUBHO20 CONPOMUBIeHUsl Kpblaa Oe3 3aKoHyosok. [loxazano, umo npu yciosuu nOCmosHcmea eecd
camonema, npousgederue 3PDeKMUBHO20 YOIUHEHUs KPblid C 3AKOHYOBKAMU U KOIP@uyueHma uHOYKMUEHO20
CONnPOMUBLEHUSA KPbLIA eCb 8eTUYUHA NOCTOAHHASL.

KinroueBbie cinoBa: AT winglets, maremaTH4eckas MOJelb, a9POJHMHAMUYCCKUE XAPAKTEPUCTUKH, 3()(PEeKTUBHOE YIIHHEHHUE,
UHAYKTUBHOC CONIPOTUBJICHUE, YCTAHOBUBILICCCA IBUKCHUE.
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