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!'f:;lfi +.- EFFECT OF ATMOSPHERIC TURBULENCE or.i AN ATRPIANE WITH FLEXIBLE WINGS
| AT DIFFERENT SPEEDS OF FLIGHT

. -

! Yu. M. Romanovskiy and S. P. Strelkov

! The varying part of the. lifting force acting on an elastic vibrating wing
‘of an airplane in flight can be broken down into two components: 1) the com~

t

‘ponent which represents the varying part of the lifting force of an airplaane
Tw:Lng under conditions of flight in ideally quiet air, and 2) the random lifting
:force brought about by.atmospheric turbulence. If one limits oneseif to the

‘ theory of the vibrations of an eia.stic airplane in a turbulent flow, the problem
§of the viﬁra.tions of an airplane in a turbulent flow of air can be described
with the aid of the following block diagram (Fig. 1). Here the vector g
ichara.cterizes the elastic vibrations of the airplane, the vector q detenﬂines
;the aerodynamic loads produced as a result of these vibratic;ns, and the vector p
represents the aerodynamic loads arising from the' presence of the turbulence

:of the air. Meanwhile all these values £, q, and p are interrelated with the

ald of linear, generally integrodifferential equations which depend on the
| horizontal speed of flight.

The properties of the airplane-air system change with the change in the
‘speed of flight. Even with complete absence of turbulence at a detemin'ed
;value for the critical speed in the system, the block diagram of which is
‘shown in Fig. 1, there may appear movéments connected with elastic vibrations,
these movements having increasing amplitude (for example, wing flutter). Such
instability is explained by the fact that the feedback shown in the block
diagram becomes positive at a determined value for the coefficients which
‘"dewtex;mg.ne the feedback. |

The goal in this work is the investigat'ion of forced vibration of an

elastic airplane wing under the action of turbulence as depends on the speed
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L T of flight. The investigation deals with airplanes

Airplane with stgaight wings yhich have considerable length
¢ in subsonic flight speed. Therefore there is taken
Air as a basis of'the computgtion of the aerodynamic loads
the theory of the movement of a wing of infinite
Fig,. 1 )

length in a plane flow:[l].'

With some limitations, the outside fluctuation action on the wing may be

'considered to be a stationary normal random process depending on the time [2].

"By this same principle, and because the whole system is assumed to be linear,

one can make a description of its movement on the basis of the correlation
theory, and particularly on the basis of the theory of of the passing of
stationary random signals through linear systems (see, for example, [3]).

In this way the vibrations of the airplane in the vicinity of the position
of equilibrium and the elasﬁic vibrations of its wings under the action of at-
mospheric turbulence can be presented as some statiohary, normal, random
‘proqess. The investigation of this process amounts to a determination of
‘its-different statistical characteristics, |

The action of the random gusts of wind on the wing of an airplane can
be bresented‘in the following fashion, In its movement with a horizonéal
Speed of U the airplane goes through rising and descending currents of air,
aﬁd the values for the velocities of these curreﬁts change arvitrarily both
in one point in space relative to another and in time. The change in the
value forAthe vélocity of a gust of wind in a given point in spéce at the time
of an airplane wing's passing through it can be disregarded, Random change
in the vertical component of a turbulent velocity v in the displacement of an
aifpiaﬁg from one point in space to another leads to fluctuations in the ef-
fective angle of attack, and these determiﬁe the occurrence of random lifting

force, The influence of %he horizontal component of the random velocity of

FTD-PT-63-750/1 + 2 | 2
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i'gust of wind ordinariiy are disregarded{ since ﬁhey are much less than the f
speéd of the airplane. Close to the critical states the disregarding of the

T horizontal component must be substantiated because it determines the parametrical |
random action on the wing and can lead to parametrical excitation of vibrations 1 %

: of the winé in the turbulent flow. As to the question of the action on the wing I

| of the horizontal component of the velocity, the authors intend to devote a

!separate study to this,

+
i

" scale components of the turbulence. In the studies {2, 4] there ié presented

The most effective action is brought to bear on the airplane by the large-

" some information on large-scale turbulence. All the authors indicate that the .
Iatmospheric turbulence in the first approximation can be considered as isotropic.

~The radius of the correlation of velocities by various data fluctuates between
!

" 100 and 200 m. The figures for magnitudes

5 f
, of the spectral densities depend to a very
. \\\\~> great extent on the meteorological conditions,
NS
T~ the topography of the locality and the alti-

I U .
a Yo 5T tude of the flight. In Fig. 2 there are

; o Fig. 2 presented graphs of the function of the
.spatial spectral density S[sz/secz)/(rad/mi] for the vertical component of the
Ivelocity'of the turbulence v, as depends on the spatial frequency.fl[}ad/h{] :
‘on the basis of data presented in [2]. At the time of thunderstorms the intensity

of the turbulence may exceed the indicated values by one order.

A number of studies héve been devoted to the question of the action of
‘atmospheric turbulence on an aircraft using the methods of the theory of random
processes., In the study [3] there is used the transmissive function of a |

hiihééf system for determining the root-mean~square value of the spectral
characteristics of the lifting force of a rigid airplane wing. In the

study [3] it is shown that taking into account the change in the velocity

FID-TT-63-750/1 + 2 3 ' ' !




of ‘the turbulence along the wing leads to a decrease in the effect of the ac-

it}oh on the wing on the part of the turbulence. This change is not great.

Therefore from here on it will be assumed that along the wings at each given
momenqof time the velocity is constant, In the studies [5, 6] there is taken ;
1nto account the effect of the elasticity of the wing on the bending in de-

terminlng the statistical characteristlcs of normal acceleration of the bend-

ing moment of the wing, ' ‘There exist indications to the effect that in

the U. S. A, computatlons were made of the bending and tor31onal moments act-

1nz in the root of the stablllzer of the aircraft as depends on the speed of

‘fnght [73.

1. Equations of the System In writing the equations which describe the

‘vibrations of the airplane in its flight the following scheme was followed,

'The free. airplane flying in the air produces elastic viﬁrations with bending

and torsional deformation of . the wing with vertical vibrations of the fuse-

!

lage. In this scheme the fuselage is considered to “e a rigid body with

ia finite mass (comparable with the mass of the wing) and possessing an in-

finitely great momentof inertia relative to the axis of rigidity of the wing

(more precisely a great moment of inertia as compared with the same magnitude

for the wing). Therefore the fuselage produces only vertical vibrations as

a solid, and by virtue of the symmetry of the airplane one may consider only

one wing with the half of the mass of the whole fuselage on one end, From
here on we will consider only symmetrical vibrations,

As initial vibrations of the wing, as is usually_dona[B],there.are taken

“the equations of the berding-torsional vibrations of a quite long beam

which practicaliy well represents the elastic -vibrations of a wing with

a2z
great extension az’[EI ‘+ a,z —m3 :;:? =Ji(z,8) + fa(z, )
-2 [(;1,,5;]+m Sh + In o =M,(z, )+ M, (2, 1) C(1.1)

where Z(x,t) is the vertical displacement of the axis of rigidity of the

PI-TT-63-T50/1+2 4
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wing relafive 'to the neutral p031tion, and 9(x,t) is the angle of turn of the

‘ ‘
'section of the wing around the axis of rigidity. The positive directions are

H .

.shown in Pig, 3. All sections of the wing are considered to be rigid and
‘nondeformable under oscillations, Tae linear mass of the wing is m(x) and

|

‘the statistical moment m(x)6{x) and the moment of inertia I (x) relative to
i .

%the axis of figidity,are linear. EI and GIp are the characteristiéSuof the
{ . | _

rigidity of the wing to bending and torsion, respectively, and f; is the vary-
ing part of the 11near aerodynamic llfting force and its moment My} fé and M,

{ FORET Ll OF TiTon

are the random aerodynamic force and moment which ceme into exlstence as a

l. ’ .
result of the turbulence.

, The System of equation (1) should be satisfied under the following con-

; ' _ 80 (=, ¢) ' 3z :
ditions 0z, t),_o_O. T e = O (z = L_,"o i

! 0 (g PLEY  Z(z,n) . .
[Fl ]L_l.-_o o =0 \mZde+%2(0,5)=0": (1.2)
[

~

oz ’ 0 |xwmp
i

:where 1 is the length of the wing and M, is the mass of the fuselage.,

Obtaining a precise solution of the system (1.1) appears not to be possi-
i . * .
‘ble, For finding approximation solutions, as usual we will use the method of
i
.Bubnov and Galerkin, The movement of the wing we will limit by the following

1 ’ I(I,t’
. conditions: the wing may bend symmet~
oIzt)l — ‘ i v

0 ' . rically in accordance with a definite

. g ' -
x A - selected form and twist according to
) N y
o a definite selected form, The curved

: " form corresponds to the form eof
Fig. 3
that of the fundamental of natural

,symletrical bending oscillations of g cantilever wing, and the form of the
torsional oscillations to that of the fundamental of the natural torsional
oscillations of a wing fixed in cantilever form,

With these conditions the solution can be written

Z(e,) =)+ () (Z), 0@, ) =0y () () (1.3)

FTD-TT-63~750/1 + 2 . 5
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.where a_, a;, and ay are the new variabler (according to Galerkin), Meanwhile
i , ;

.Z,(x) and ®2(x) are the forms of the natural movements of the wing,.
: 2 .

'

i

By substituting the solution in the form (1.3) in the equation (1.,1) and

using the known procedure for the functions a4y 231s and ap we will get the
1 | 1

system day Smdz d"” S mobydr = S fdx + S fydx

rra a5
? ° 4 ~
%‘,—sz dz—-T—S moZ,0,dx +
0 0 , : '
5 Szf% B15%) 2z = \ 12z + filuds | (1.4)
' ° 0 . 0 -

d‘! 12
; . ] ) 1 1

_a,g [er, "°=Je dr = SMlO dz + S M, dz.
] [}

1 1 t
Doy S I 033 dz — 2% S mo0,dz — o1 \ maz,0,dz—
] ]

, For solv:.ng the problem within the framework of the correlation theory
"1t is sufficient to get a solution of the system (1.4), where instead of the
outsxde random force f2 and the moment M2 there are given the force and the
imomemt result:mg from the action on the wing of the airplace of a disturbance

i

vproduced by the presence of the harmonic wave of .the vertical speed
| v = oexp[/(ml Zky]:-. Vo exp[ (QU! 2ky)] ( ::;) - (1.5)
with a frequenc& & and phase speed U relative to the 'airplane (from here on
we will consider that k is Strouhal's number), .
'_Since the vertical speed v o¢f the "cantilever disturbance™ is given in the
form (1.5), ther;efore in the system studied, as a result of its linearity,
there are possible only harmonic movements, This means that in the case of
the flight of an airplane in "harmonically dis£urbed" air there are formed
stationary harmonic oscillations with a frequency ¢. Therefore the statioﬁ-
ary solutions of the system (1.4) should be soﬁght in the form
o Gom (Aot jB),  ay=c(Ai+[B), oy = e (y+]By) (1.6)

5
54

where 4., By A5 By» Ap, and By are the amplitude coefflclents depending on the
frequency W, Vo, U, and the parameters of the airplane,

By substituting (1.6) in (1.4) we will obtain the equation for the

FTD-TT-63-750/1 + 2 6
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: amplltude coeffiélents in the fbrm.in which they are presented in [1]
(4o + /Bo)[— S mdz + = j KC(k) np]+(A,+

+iBy) € (W) % % § Visdz + (A -+ B) fk';;sS mobids 4
+ jké— t:pr’O,dz (_.:- —AC (k)) — mpC (k) § bﬂ,dx] = 'T'I';.V.‘P (I:)S biz
(Ao + i B0) jkreC (R) —§ b2yl + (4, + B[ -kt 5—§mZ.’dz +
+ mpjkC (k),, S bZ,dz + - § - [L'I a”"] z,dx]-}-‘ .
i 1 (1.7)

(4, +lB,)[k2 § maZ,0 ,dz—;k— rrpg 10,2, dz (.:.. + A,c(k)) -

—npC (k)S bzlo,dz] = xp?—‘?(k)§ bZ, dz
. o .

Ll L]

(4o + /Bo) [ 5 4* §mots 42 2 npjkC (k)g th,dz] +

+ (4, + B, bi,k’ S maZ,0, dz +-rpjk = - C (k) A, Sb’Z, ,d::]-l-
]
]
IOtz 4k 2 ~pA1 S 1%0,2 dz (— —A,C (k))—-
L

<

+ (45 + By [— k2 o
: ]
-5 S [01,, g:’] 0,dz — =pC (k)§ 120,2 dz] =rp e A¥ (/c)S b%0, dz

- ?I.h
Oy ™

Here o is the density of the air, o' is the averaged distance from the

center of the chord to the axis of rigidity, C(k) is Theodorsen's function

[1], (k) is Sears's function, and ?(x) is the chord of the wing (Fig. 3b)
A‘_i{z’—“) A==’-(§+a) =20 (1.7a)

By dividing the imaginary and real parts ;n (1.7) it is possidle, in-

stead of asystem of three equations with complex coefficients, to wrile a sys-

tem of € 1linear algebraic equations rel- a. . .y A, b,
. . Gn. . .0 B, by
ative }o the unknowns A , B , A, By, Ao, an. . .ax A, by : .
I : 8. . .84 By || = |l b (10'3) :
and E». In the matrix form of expression @ . . .G As b
’ ’ " llaa. . .ae B, b

"such a system will have the form

' The coefficients ajy ané bi are funciions of tle nunmbter k, Therefore

FTD-TT-63-750/1 + 2 7
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I
i a.lao the solution of the system (1.8) depends on k. It is necessary to find
!

! Ao, B,, 1, Bl’ Az,' and 32 as functions of k or frequency transmission character- -
f iatics of "output values" (ao, aj, and az) which determine the vibrations of

the aircraft relative to the "input values" of the speed determjned by (1.5).

o The stationary vibrations of the airplane in case of "harmonic disturbance"”
to a great extent are determined by the properties of the determinant [aik] |
In those areas of change of parameters where this determinant takes on the

form of minimum values there will generally occ;ur an increase in the amplitude
coeffi'cients, increase in the stationary vibrations of the wing. Such
"resonance" is expressed most clearly on the approach to the conditions of

, flutter of the airplane. _

| Investigation of the behavior of the solutions of the system (1.8) in the
ge.neral form is not possible because of their extreme bulkiness. For solving
the system (1.8) and obtaining the values of the amplitude coefficients for
concrete airplanes, as depends on the numbers k and U and the parameters of

the airplane, there was prepared a standard program by the aid of which on a

‘ rapid-action digital electronic computing machine of the type "Strela" it

- was possible to obtain numerically the values of the amplitude coefficients.

| with 28 different values for k and four values of U with V, = 1.

2. Statistical Characteristics of Forced Vibrations of a Wing In designing

a wing for strength practical interest is afforded by the statistical character-
istics of the bending and torsional moments of the wing, namely: 1) the spectral
density of these values, 2) their root-mean-square v'alues, 3) the number of

" cases of exceeding (by the indicated values) some given level per unit of time.

—————— &

For the spectral densities of the bending M and the torsional 7 of the

o e = 0
moments in the root of the wing, by the rules of the correlation theory, we
Suth) = (BIGE], ) 8.0y = (Er TR | ) RLEPIB 5z

“have 928 (2.1)

s

Sty = (G| _ Vst =(cr, 2|

A2 (k) + Byt (k
) ’()Z"()S(k)

FTD-TT-63-750/1 + 2 8
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| where S(k) is the spectral density of the vertical component of the velocity
{ of I.’.he turbulenco.

' The root-mean-square values off Ma.ndz,[ of these moments are equal to
)

! | z _[g S.(k)dk] . [S s.(k)dk] | (2.2)
~ The root—mea.n—Squa.re values of the amp]itude of the bending and toraional
. vibrations of the end of the wlngzz a.nd}_'_,"a are repres.ented in a similar way
l _ [S Sz(L)dk] L= [S S.(k)dlc] A (2.3)
On the end of the wing zy (1) = 0,(2) = 1.
Fina.lly, the frequency of the excesses of l\b(g) of some: functi.on @ (t)
! ﬁ.xed by the levelé per second is given by Rice's formula ESJ
; No(t) = o e‘(p( 5 EEJ)[S So (I.)A“JI.J [S ,(k)ko " (2.4)
- By a similar system one can determne the statist?icai characteristics of
<;ther functions which describe the movement of .the airplane, for example, of
~the normal acceleration Bzz(x,t)/‘atz, etc.

3. Investigation of the Statistical Characteristics of the' Forced Vibrations

gi: the Model of an Airplane For the investigation of the statistical character-
‘ istics with the aid of an electronic computing machine a concrete model of an
Ya.:l.rpla.ne was taken. The numerical values of all the basic parameters, and also

the forms of the bending and torsional vibrations Z;(x) and €2(x) for the said
|
!

model were taken from{ 10], page 214. The model is distinguished from an air-
plane by the lowered rigidity with regard to torsion and bending, and therefore
it has its own frequency of bending fz and torsion

4
1

Je=w,/2r = 3.5 2y, Jo=tp /22 = 5.04 ey (2.4a)
The decreased natural frequency is connected with the fact that the intensiﬂy

e i e B

:of thq turbulence spectrum is greally reduced with the frequency. It was

)
t

important to follow the effect of the turbulence in the case where the frequency

“of the flutter of the model still lies in that area of frequencies of the
Cme e e s

FID-TT-63-750/1 + 2 9
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B Iet us present some numerical values
9 Y R TR TR T I;o of the basic coefficients of eéuation (1.7)
Fig. 4 of the model under investigation.
Half of mass of airplane Average distance from rigidity line
‘f model ~ M = 2063 kg  to central line a = 2g/b, = -0.46
! Statistical moment of the Average statistical moment in the
wing §' = 77 kem ' end of the wing M, = 6,000 kGm
| Moment of inertial of the Half of wing span 1= 6.12m
wing L =135 ken®
Average chord b, =2.3 m )

The magnitudes of the united masses ‘of air and their linertia are included
| in the respective coefficients. »
There were computed the squares of the modules of the transmission character-

istics for the bending and torsion of the wing

O, (k) = 22K = Bt (k) @, (k) = 2R k. B:* (k) (2.4b)

of the model under investigation with several values for the speed ‘(the computa-

"tion was done on the "Strela" in the Computation Center at the Moscow State

University; for obtaining 108 solutions of the system of equations of the 6th

order (13) five minutes were required).

] FID-TT-63-750/1 + 2 10
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e T | : In order to determine the influence
: lll'llin/m : '
’ {0 of torsion on these transmission char-
! "' n acteristics analogous computations were
; 100
, m"{\\ made for the same wing in the proposition
I ’ 8,(x) = 0. In Fig. 4 there are
107 7 )
E-K \ presented graphs of the function Ol(k)
0 \‘W\W for the system with 6 degrees of
107 \\ ‘ ; freedom. In Fig. 5 there are the
" VPR 0‘\ ”\ ’w corresponding graphs of the system in
x Fig. 6 the proposition 8, = 0 (four degrees
TS of freedom). The critical rate of the
10° NN : flutter U,, computed for the model,
- “‘\\ amounted to about m/sec.
1 = . :
; \Mﬂn/Jet . From a comparison of the trans-
’0’5 N\ \ .
| \s\(k mission functions (Figs. 4 and 5) and
-‘ . :
0 s % ~ : the curves of the spectral densities
”'Z 27 04 a6 @8 b of the bending of the end of the wing
i .
! Fig. 7 for the systems with six and four

“degrees of freedom (Figs. 6 and 7) constructed for different values of U n/sec,

H

t
it follows that taking into account the torsion of the wing leads to a sharp

" accentuation of the curves of the transmission functions, and, accordingly,

| of the curves of the spectral densities with an increase in the rate of U,

In the tables 1 and 2 there are presented confrontations of statiétical

i

characteristics obtained on the basis of the curves of spectral densities by

_the formulas (2.2), (2.3), and (2.4) for the case U, = 117 m/sec. With the

ald of the data of these tables one can follow the change in the root-mean-

pomm e 3

square of the valueszﬁ,xt ’Zz , andZ'o, and of the functions N (£) and Ng(&)

i o

e e = T e e e e

FTD-TT-63-750/1 + 2 : | Coo11
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Table 1 with the change in the rate of U. In

! i
o

Displacement - bending (gis the deflec~ both the cases considered with an

tion of the end of the wing in cm) increase in U there occurs an increase

in the computed root-mean-square values

U : Ng (D)

~ Lz |Zu )
__ and the numbers of intersections of a
cex ’ ex xFul, g =i E=15 ?

50 |1.18 [342] 1.4 ]C.45%x10-* | 0.28x10- &iven level. In the first -case

80 | 461 [467| 1.8|0.81%10% | 0.56x 100 :
145 12.584 j7351 1.610.47 0.47x10"" (displacement - bending - torsion)

(1)} o 1160 4350 _ : .
* the root-mean-square values of Zz

with the increase in the rate of U
from 50 to 115 m/sec 8.1“0. increased |
Key: (1) moment in the root ‘ the by a factor of 12, while in the second
wing with a given bending £ of the
]

end of the wing (kg-m)
~the same change in the speed.

case (displacement - bending) X, is
:'anrease'd only by a factor of 2 with
The number of ;:ases of exceeding a given level
with

i .
]

| Table?2

the growth in speed changes still more,

Displacement - bending - torsion (; is the deflection of the end of the

wing in cm,gl is the angle of turn of the wing at the end) .

v N, (©) No ()
) L lZu| o | % C.cm . L. rpanycu (0)
cex | € [xFmlepad | xTa .

N ° ‘ 15 ° 0.4 2.0
5 [1.19] 34510.07| 7.7]1.67]0.6% 10-2| 0.8 x10% }4.28] 0.47x10-% | 0.77x 1011
80 12.1] 613[0.15]16.7]2.4710.36 2.5 X10-114.03] 1.25% 101 ] 0.65x 10~
100 (4.0 |116110.31 | 34.1]3.11 1.9 2.64x10-3 [4.31] 1.9 3.23x10-*
115 [14.5]421011.41 ] 155 |4.56 4.4 2.7 4.5 | 4.3 '12.02

@0 44 220

with a given angle of torsion 51 on the end (kgm)

.

4
1 -
. 0
o v

ot

FTD-TT-63-750/1 + 2
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Key: '(1) degree; (2) degrees; (3) moment in the root of a wing section

' Ahalogous computations were made for the same model of airplane with changed

naturé.l frequency of torsion (fz = 3.5 ¢cps, £, = 6.0 cps, Uy = 200 m/sec).
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Mea.nwhile the character of the change of the statistical characteristics proved
to ’Pe about the same as in the first -caac.
Conclusions The described method makes it possible to obtain simply the
statictical characteristics of forced vibfé.tions of an elastic airplane wing
under the action of atmospheric turbulecce. With it'c help one can take into
" account vibrations with different degrees of freedom. The increase in the
. number of degrees of freedom per unit leads to a.n increase in the order of
solvable system of algebraic equations by two units. Meanwhile intc the
standard program it is necessary to introduce insignificant changes; the time
for the computation correspondingly is increased by a small factor.

Comparison of the statistical characteristics of vibrations of one and the
same model of airplane shows that with sufficiently low frequencies of torsion
of a wing close to the critical rates of flutter one should not disregard the
torsion of the w1ng, but it is necessary to talce it into consideration in

: computing the joint bending-torsional vibrationc of the wing.
| The authors express their deep gratitude to V. A. Druzhinnaya and V. B.

Glasko for setting up a standard program and carrying out the computations on
the "Strela" machine.
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