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Abstract. The influence of residual strain on the airframe aerodynamic characteristics of aircraft was
considered. The possibility of estimation of changes in deformation of airframe using data of leveling was
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Introduction streamline of the irregular forms even computerized

In the process of a long-term usage, aircraﬂu“ays are unacceptably huge [5].

encounter the problem of a permanent strain of the ' 1atS Why simplicity is implied into the initial
: , .equations in the form of restrictions to the agam
construction [1]. As a result they gain assymetri tate

moments that chgnge the aerodynamm The first essential simplification investigates the
characteristics of the aircraft. The changes in ﬂ%?eadyﬂow

aerodynamic characteristics lead to the changes e secbnd one investigates the perfect gas medel |
the aircraft performances and it lowers the level as viscosity is not considered [6].

safe and secure flights. Development of the metho SNowadays numeric methods are the main

that help in the process of the aircraft usage [fethods to calculate the aerodynamic charactesistic
correct the operating restrictions  gives  thgpile designing the aircratt.

opportunity to have the necessary safety level. But in the aircraft usage and maintenance much

Resear ch and publication analysis more simple methods are required. It is easy to get

) ) ) an approximate answer taking into consideration the
Calculation of the direct impact of the permanergas velocity model.

wing strain on the aerodynamic characteristicsef t = \york objective is to develop simple methods to
aircraft is not an easy task and it requires pl@ity eygjyate the changes in the aerodynamic
analytic, numeric and experimental methods. characteristics of the aircraft that have permanent

Nowadays numeric methods prevail [2-4]. wing strain for operational and maintenance
Worked out schemes and programms are basggkerprises of civil aviation.

on the numeric methods of the air movement i i

calculation streaming the whole aircraft or a mirt ~ EStimation procedure

it. These are rather complicated programms that ©f @€rodynamic characteristics

contain equations of continuity, variation of There is an assumption used in the methods being
momentum and energy and thermodynamiorked out which is connected with the
characteristics. Multidimensionality and nonlingari aerodynamic characteristics of the wing and
of the received equation system make analytigingspan.

calculation impossible. They integrate with According to the S.A. Chaplygin (1913) and L.
approximate numeric methods which can not alway&andtlya (1918) a finite wing can be substituted
be successfully implied, because while studying thwith a horseshoe vortex system [7].
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Along each vortex the circulation will be Inserting into the basic equation (1) the
constant, but while changing they will go end wisetirculation whicha has been calculated by formula
In this scheme the number of vortexes can be eq@d) and making the necessary transformations we
to eternity and then the circulation along thavill get the following
wingspan will be measured permanently decreasing .,
from the center to the wing tips. Z A sinnB(np +sinB) = pasing, (3)

To calculate the circulation of the wingspan the 13
basic integra-differential equation is used:

) EACLE)
I'(2) = 053,(2)b(2)V,, x A ’
+'—2£dzi 1 where n — number of expansion terms in the
x| a(z) + 1 dz, ' (1) trigonometric sequence;
arv, Yz -z o — angle of attack in the discussed airfoil
> section.

Angle of attacko can be represented in the
where a,(z) — a derivative,c] in the z-airfoil following way

section; a(6) =a,(90°)+a (90 )+ :
b(z)—qhord in _the z-airfo_il section; © o(90°)+ (90 )¢, 6)
V.. —wing ambient velocity; where a,(90°) — zero-lift angle of the airfoil
0(z) - angle of attack (angle between the . "
, . . .. _..sectionf=90;
wing’s chord and velocity vector) in the z-airfoil

section: a(90°) — angle of attack of the airfoil section
z — dimension of a common vortek dpanwise; 6=9C°, determined at the speed of remote velocity
z — component where the circulation calculatioenpeznensemsiii,

is madeI'(2); $,(8) — swirl angle, that usually consists of

| +L _ ' . . aerodynamic, geometric (subjected with a permanent
2, o —dimensions of the left and right tiPSstrain) swirl.

of the wing panel. The received equation (3) suits for any airfolil
The are no common methods of solving thisection that gives us the opportunity to use this
integra-differential equation. characteristic to determine componefis. A,.
As a rule, such aquations are solved using Call-off quantity of expansion terms in the n
approximate methods. sequence measures error with which the circulation

The most common are Glauert-Treftz methodzalculation has been performed. To find out the n
V.V. Golybev's method, A.B. Rysberg's methodexpansion termay...A, we should give the n airfoil

S.G. Nuzhyn’s method and etc [8]. section.
Glauert-Treftz method is usually used for Design wing sections are chosen in the most
practical apply. distinguished points of the wing: in the places of

It is based on the suggestion, that circulatiogirfoil discontinuity, in the places of noticableard
separation spanwise is represented in an endl@s@anges (for example, in the place where square

trigonometric sequence centre wing verges into a tapered console), in the
o0 places of aerodynamic or geometric wing warping

I(2)= 2|sz A sinné, (2) discontinuity, etc. o
n=1 Equations (3) are made to calculate the airfoils

and are united into a system of algebraic equations
the solving of which will help us to find out the
components\;... A,

where | — wingspan;
A...A, —indexes, be determined.

Angle 8 is connected with componert in the Under the target holding speed, ¥nd the angle
following way: of attacka(z) circulation separation on the wing is
1 calculated with the help of formula (2) where
=—cosh. componentsA;...A, are found from the equation

system solution (3).
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Knowing the circulation separation spanwise wi

can determine the forces and momemta that effect
the wing and also expansion of the aerodynamic X, =

components caused by permanent strains.
The winglift is calculated with the help of the
formula:

+

j pV_I(z)dz =

N | —

Y

N|—

pr'zHiAnEtinnejsinede. (4)

Because

then
— T[IZ pV002 =~

5 D nAL.

4 (7)

To found out the induced drag force of the wing
we use the formula

00

T A

n=1

C

Xi (8)
p 00 S
2
Index expansion of the drag force caused by
residual strain wings is calculated analogicallyhte
lift index expansion
Ac ™Y n(A” - A).

n=1

Xwarp wing

fsinne sin6do = /2 whenn= 1 Differential torque caused by the residual strain
5 0 whenn# 1, wings and respectively lateral axiSx, e.i. roll
then moment(ﬂlewarpwing)
22Tl Determined by the integral
Y =pV/l > —A. o
The winglift index ;:an be found from MM, T A J‘2 (2)dz =
Y I arp Wi _l
C,=——57 =T A =ThA. 2
pvoo S S T 0
2 =Py j(ZA@mnGJ sin co®do =
Index expansion caused by residual strain wings 2 =1
is determined as residulation of lift indexes of p T
warped and symmetric wing = EVjI 32 A (!
Ac:)/warp wing = m(Al + AL)’ (5)
where A _ indexes of trigonometric sequence Index expansion of the roll moment is calculated
from
calculated for the warped wingd are expansion
indexes for symmetric wing. A = Xwarp wing _ E)\AQ. (10)
One of the constituents of the drag force of the *warp wing p : 4
aircraft is the induced drag force can be foundfro 2 3

+

X

'._'l\)

pV,.I"(2)Aa(z)dz.

00

(6)

N =

In casem=n
[ A2sin*nBde = A?[ sinned (18 )=n
0 0
and whenm # n,

[mA, sinnBA_ sinmeds =
0

= nA]AnJ-sinnesinmede =0,
0

Moment expansion relatively to the vertical axis

Oy, i.e. yawing momen(AManmWln ) is calculated

analogically
I

2
o[V, (9T (2)zdlz = %vﬁ 3%
|

Y warp wing

"!(
PP IAA,

Yaw expanS|on index is calculated with the help
of the formula

AM

>

n=1

D" nA sinnd

n=1

A, sin nej c0s0db =

VEERA (11)
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AM Analysing the figures given in the illustrations
Arm :m = the following examples should be made:
e %S — I' calculation results coincide with the data
2 given in the work [10] for wings with the indicated
. 0t , Characteristics.
= ‘Z)\Z(Zp"‘l)'%'%ﬂ- (12 — the eccepted number of the 11th sequence gives
p=l a good calculation result;
Using the formulae (1).(12) in the MATLAB — the proposed methods can be used to calculate

system a software system to calculate aerodynan§ieanwise  circulation — with  the  following
behavior aircraft caused by residual strain wings hcharacteristicX <30°, n=2+5, A= 2,5

been worked out. To evaluate the effect of the permanent strains on

hTCI) dl{[set t.the Wol:kﬁ_clj'tout methods practically Wehe aerodynamic characteristics of the aircraft we
should test its workability. should estimate the size of these strains.

solved with e help of discrete voriex method that , PEImanent ving sirains were calculated by the
P way of recounting the leveling data in the control

czlgz;rly analysed in S.M. Belocerkovskiy's worksye iiong (i.e. leveling passports of the aircragrev
[2; 9. . . used).
To evaluate the proposed methods the circulation For the estimation of the permanent wing strain

ca_lculgﬂons along “g'd."!'”gs span were ysegveling measurement data and three control wing
(A=2,5+10- the aspect ratiq=1+5 — the taper ratio, sections were used.
X”_gf?djl' s_weepback angle) [10]. . Investigation of the mutual location of the control
alculations — were 'mad'e to determine .thgection points of right and left wings gave us the
n(_)ndlmens_lonal spanwise circulation of the gl\{eBpportunity to estimate the wing’s bending spanwise
wings using the proposed methods. Durlngnd lateral dihedral
calculatiogs 11 items of trigonometric sequence On every controll section in the lower sufrace of
were used. . the wing near load-carrying spars two control point
h The' reﬁul';_s Olf the calculations performed Ar&re located with the help of which you can estimate
shown in the fig. 1. the geometric twist angle while twisting the wing
r along the elastic axis.
0.7 ‘ ‘ ‘ ‘ The horizon sufrace is taken as basis, the
exceedence of the results of the control point$ wil
depend on how fuselage fit in the flight ( parallel
horizontal sufrace of the fuselage (GFS) horizontal
line and parallel location of the center wing satti
relatively to the horizon line).
Using the leveling scheme of An-26 [11],
algorithms were worked out:
— squint angle (clf) from the horizon line
¢le — arctanAhl‘% Ahl—36 ,
-36

where Ah_,¢ — real difference level between points
1 over 36;
Ah . — nominal point;

Fig. 1. Nondimensional spanwise circulation disttion: L35 — horizontal distance between points 1 and

1-%X,=30,n=5\A=5; 36; _ _
Co . — squaint angle of the fuselage from the vertical
2-X%,=0.,n=2,A= 25 .
] surface of aircraft
3-X=0.n= 5’).\ =10; Ahg s right
0 - results from given works [9]; ¢f_vps_ =arctan——,

— —results under present technique 5 lef -5 right
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where Ay 5 i — real difference level between Ag. .. =arcta Ahy_,, —Ahy "
R R : 9-10 n clf »
point 5 on the left board and point 5 on the right 9-10

board;

hl3—14 - Ahl*3—14 + ¢

. . A
Lsie-sigw — horizontal distance between 5 on  Ad,,,, =arctan oo ¢ (18)
the left board and point 5 on the right board; s
— angle of incidence of the center wing section — Ahy;_5 — ANy
. . . Aa 17-18 arctan + ¢c|f :
relatively to the horizon line 718
A, _ The main influence on the change in
Dring o). = ArCtAN———" — aerodynamic characteristics of the wing shows a
Lo et -9 rignt deviation of the geometric twist from the given one

_ Calculation of the twist angle expansion in theegiv
where Ahy 4. — real difference level betweensections are relatively (18) added with the gecimetr

point 9 on the left wing and point 9 on the righfwist _angles_ given ir_1 these sections, and are
wing: substituted in equation (3) to calculate the

Lo - o — horizontal distance between point &oeﬂ‘lme.nts of expansiorA, ..., A, and circulation

. . : o of the wing span.

on the left wing and point 9 on the right wing; The same methods of calculation were used to
— angle of incidence of the mid-wing relatively tGind out the expansion of the aerodynamic

the horizon line coefficients of An-24 from wing strain (leveling
A pasports were used).
O :arctanm_q, Additional data for calculation were the
mid-wing f.vps ? . ..
3lef 13 right geometric characteristics of An-24 [12]. In theecas

of a strain wing the geometric twist wing Gtw
where ARy 15,44, — real difference level betweenchanges. Twist range change is restricted by the
point 13 on the left wing and point 13 on the righllevel!ng points in the co_ntrolled sections. acomss-
wing; leveling measurements in the controlcross-notation.
L, _ horizontal distance between Oin,El'he results of calculations are shown on fig. 2e Th
3lef -13right POIMotted line shows the geometric twist points of the

13 on the left wing and point 13 on the right wing; master wing that were given by the developer.
— lateral dihedral (right and left surfaces ¢ minute:

separately) 50

A - AR,
¢V — arctan rﬁa—ﬂ rﬁa—ﬂ + ¢f.vps, 40

3-17 30
where Ah ;.. — real difference level between point 20
13 on the left wing and point 17 on the right wing;

AR, ., — nominal point; 10

L, ,,— horizontal distance between 13 and 13; 0

¢, — angle of incidence of the fuselage fromjq

the vertical surface of aircraft
“+” — right wing; 15
“* — left wing;
— additional geometric twist angle expansion in Fig- 2. Acceptable range of the geometric wing twis
the airfoil section where leveling points from L~ upperlimitofthe geometrical wind twist;

. ] ) 2 —the given geometrical twist of the master wind;
permanent strain (left and right wing) are located 3 — lower limit of the geometrical wind twist
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Analysis of the results shows that the leveling Further research has focused on the nature of the
points in the control sections deviate from theteras change of the aerodynamic coefficients of the
twist angle from 6 to 15 minutes. Also theStrained wing when the flight mode is changed as
calculations and the distribution of circulationdan ggg'cénrj?:lcot\g(ljr?g humeric experiment experiment
the aerodynamic expansion coefficients of th P _
strained wing, which has the most adverse limit of,, - for a given flight spe_ed (M =0,15) the angle of

L . . attack ranges from 0 to 1,0
the deviation from the geometric twist.

Calculati de for the flight q - at a given angle of attacka=6,5), that
alcuiations - are made for the Tig Speecorresponds to the maximum flight quality of An-24

M=0,15 and for the given angle of attagik= 2" . in a cruise configuration, the speed flight changed
Fig. 3 shows the reasons that change circulatigithin M=0,15+ 0,65.

along the span of master and strained wing of The strain of the wing was limited to the

An-24. geometric twist (fig. 2). Positive expansion of gtvi
- was set to the right wing, negative to the lefteTh
r.ms positive results obtained are shown in fig. 4,.5, 6
2C ‘ ‘ ‘ ‘ ‘ Fig. 4 shows the change in the expansion of the
l l _ l | lift coefficient and induced drag depending on the
l ,1/" TN l angle of attack (M=0,15).
R l s\ Ac,.,Ac,, %
B NN 6
' Y | | | \\
/7 | | \
J l l l i\
00y T . . TN\
I | | | | | \
Y/ | | | | |
y l l l l
s{ 1
-15 -10 -5 0 5 10 15
I, m
Fig. 3. Circulation distribution change spanwise

on the example of An-24:

- the standard wing; a’
— the deformed wing Fig. 4. Expansion of the coefficients,,, Ac,
As it can be seen on the figure, the change in the ia_usAid by the wing strain:
geometric twist spanwise leads to the circulation o A -
redistribution. In this case for the right wing wset ~8C

by the marginal positive twist, while the left fire  _ AS the fig. 4 shows, the changie in the geometric
negative wing twist affect the abovementioned coefficients.

Therefore, on the right plane circulation exceede?:]J much for the lift coefficient at low expansion

h ' d he left i | S gles of attack reaches up to -4%, and with
the master's one, and on the lefL it was lower nsaic increasing angle of attack, it is nearly falling tap-

redistribution of the circulation leads to changes g 294 indicating a decrease in the wingstrain éffec

the characteristics of aero-dynamical coefficiesfts on the lift coefficient at high angles of attack.

the wing. The effect of the wingstrain on the induced drag
To study this case an assertion of the liftoefficient appears at small angles of attack. A

coefficient occurred to 0,85%, the coefficient bé&t significant decrease in the induced drag from 5@%

induced drag reduced to 0,15% , and appeared tt8 with the angle of attack from 0 t6 and with the

expansion of the roll and yaw coefficients. further increase in the angle of attack a sligttaase in
This confirms the suggestion that the residuahe coefficient to -0,15% at= 10 ° is seen.

strain of the wing lead to the creation of asymrmetr  Fig. 5 shows the variation of the coefficients aif r

moments of the airplane. and yaw moments, conditioned be residual wingstrain
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Am ,Am, 107 The effect of flight speed on the change of the
0.5 ‘ ‘ ‘ ‘ coefficients of asymmetric moments, are shown on
l l f 1 fig. 7. The fig. 7 shows that the flight speed effe
0 > [ R T the asymmetric rolling moment, as with increasing
o5 - 1 L. . ] speed increases and the value of the moment.
: | | | | -3
e ] Am,,Am, 10
. : : | | 0.5 ‘ ‘ ‘ ‘
Y SRS S N E— ———
l l l l | C 1 1 1 1
2r T . Nttt . l l l l l
2 | | | -0.50 - Ik B bbb
- A S S R N 3 3 3 3 3
| | | | S o o I C
0 2 4 6 8 10 1 1 1 1 1
a LS S T T
Fig. 5. Expansion of the coefficients of the asslyime | | | | |
moments caused by the wingstrain: 2o P o . R A
1-Am,; : L | |
> am, ——
As it can be seen, the coefficientn, does not 5| | 1 1 T
depend on the angle of attack, while the coefficien, 0.2 0.3 0.4 0.5 0.6 M
has the a lower meaning and increases monotonically ) , o
with the increase of angle of attack (M = 0,15). Fig. 7. Expansion of the moment coefficients

Fig. 6 shows the variation of the coefficients oM the wingstrain at different flight speed:
expansion of the lift and the induced drag on the  1—Am;:
flight speed. As it can be seen the residual treerst 2—Am,
of the wing leads to a slight decrease in the lift Coefficient of the yawing moment also depends
coefficient(-0,31%), a value which remains constagy flight speed and its significance as previously

with the change in the M number and only slightly,\yer than the coefficient of the roll moments.
reduces the coefficient of the inductive resistaofce

the wing (-0,53%), and whose value is already Conclusions
affecting the number of M (angel of attack®,5 Researches have shown that permanent

Ac,,,Ac,, % wingstrain affects the circulation distribution

0 \ \ \ ‘ ‘ spanwise. The consequence of this process is the
l l l l l appearance of asymmetric roll and yaw moments
01 - Lo e S ~__| and the fall of the lift coefficient of the wing thia
| | | | | slight decrease in the coefficient of induced drag.
Y S [ I | For compensations of the acquired asymmetric
' ! ! ! ! ! moments of the residual strain of the wing, it is
! 1} ! ! ! necessary to trim plane and find the trimmed cadntro
-0.3 : : ""T: ””” j: ”””” i"" deflections.
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