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(S Introduction
This report covers progréss and activity on NASA Grant NSG-2016
from 1:April 1975 through 30 September 1975. Effort during this time
period had three objectives:
(a) Final development of a static aeroelastic analysis
package for oblique wings in the subsonic flight
regime,

(b) Improvement of the subsonic flutter analysis package
with three-dimensional unsteady aerodynamics.

(c) Investigation of flutter analysis techniques suitable
for the supersonic flight regimes.

Results of these efforts are discussed below.
The documentation and source deck for the static aeroelastic analysis
computer program with the acronym AIRLOD was delivered to NASA Ames Researcﬁ
{:} Center in May 1975. This program was forwarded to LTV - Dallas by NASA/Ames.
Checkout of this proygram by LTV has proven satisfactory; a few minor errors
were uncovered and corrected. Program extensions and improvements have
been suggested, but these improvements are being held in abeyance because

of more pressing problems.

Subsonic Flutter Analysis

‘Several improvements have been made in the subsonic flutter analysis
package. Chief among these improvements 1is an improved, more accurate
mass matrix formulation and capability to handle three rigid-body degrees
of freedom. In addition, ar. expanded modal analysis capability was added

to the program package. Checkout of the analysis package has rrogressed



A preliminary copy of this pfogram package has been dglivéfed—to NASA/Ames
for use on the Ames CDC 7600. The program was originally deve]dpedvfor o
the 1.B.M. 370/158 machine. | |

The AIRLOD computer program and the subsonic flutter analysis computer
programs have been used to generate a great deal of new numerical datig

This data has formed the basis of two papers written during the summer

‘and submitted to the AIAA Journal and AIAA Journal of Aircraft.. Copies

of these papers have been sent to the grant monitor and are attached to

this report.

Principal Theoretical Results

Principal findings thus far have been that at least two types of flutfer
instability can occur in the subsonic flight regime. The first of these
types of instability is associated vith a low'va1ue of the ratio of wing
roll moment of inertia to fuselage roll moment of inertia. This mode of
instability {s characterized by low reduced frequencies (k) at flutter -

(k = wb/V, where w = frequency, b = wing semi-chord and V is airspeed).

" This type instability involves primarily a coupling between wing elastic

bending and fuselage rigid roll; this instability resembles a vehicle in-
stability.

The second type of flutter instability involves classical bending-
torsion flutter with 31 slight amount of rigid roll coupling. This mode
of instab’lity occurs at a relatively high reduced frequency (of the order
of k ='0.25) and is characterized by larger values of the ratio of wing

roll moment of inertia to fuselage moment of inertia. In general, if the

‘to the point where a high confidence level 1ﬂ,tbevprogram,hasﬂbeen,at;aine@.i;ﬁﬁ,” 71




~ transition from bending-torsion flutter to bending-roll flutter can be
- precluded, the flutter speed of the aircraft can be kept ;;anxuegifg;¢

above the wing's clamped divergence speed. Research s Continuing to

discover the mechanism which triggers fiis‘change;

' Although primary emphas1s has been thus far placed 6n the effect
of roll on the flutter of oblique wings, research has been initiated on .
the effect of fuselage~pitch inertia on stability. The objective of this
research will be to define c¢ritical parameters which may adversely couple

rigid body pitch to elastic deformation.

Transient Response

It should be noted that thé aerodynamic influence coefficients geﬁerated
in the flutter program also may be used to solve fdr the transient re-
sponse of the vehicle at low reduced frequency. These low reduced fre-

quencies correspond to a slowly maneuverirg vehicle. Such a study of

dynamic stability and control is not currently within the scope of the present

grant and is deferred to some future time. However, subsonic respense of

the aircraft at speeds below the critical speed is of great importance.

Supersonic Flutter Analysis

The supersonic flight regime with sgbsonic leading edges is, for
flutter, next in importance after the high subsonic regime. Unfortunately,
no one unified method seems available for the generation of supersonic
aerodynamic influence coefficients. The particular difficulty which

arises in the case o7 :he subsonic leading edge is that the region between
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“method has been found to have several deficiencies, the principal

the foremost Mach cone and the leading edges (the so-called diaphragm

s m———

regidn) complicates the soluiion for velocity potential formulations.

The Mach box formulation of the supersonic flow problem presents

one way of solving for the aerodynamic'influence coefficients. This

shortcomings being inaccuracy at low supersonic Mach numbers (M <>1.2)
and the computational time necessary for some planform configurations.
In addition, available computer codes are restricted to ana]yzing'syuhv
metrical planfofms. A Iiterature search has uncovered three potentially
worthwhilc methods for solving the supersonic problem; these methods are

discussec below.

Available Solution Methods for Supersonic Flutter Analysis

A computer program is available through COSMIC which can be used to
predict flutter af supersonic speeds. This program is called LAR-10199
and was deveTopéd by E. C. Yates at Langley Researcn Center. The !
analysié method used in the program is based upon so-called modified strip
theory. A separate analysis of the static, rigid wing must be available

to predict the spanwise distribution of 1ift curve slope and the chord-

wise position of the aerodynamic center (AC). This latter quantity is
extremely importanf to flutter analysis. It has been noted that the
failure of linearized supersonic theory to accurately predict the AC

position leads to overly unconservative flutter predictions in many cases.

" However, Yates shows that with the proper prediction of the static AC,

good results may be achieved.
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A second method of supersonic flutter prediction is the use of piston
theory. While piston theory is commonly used to predict flutter when

M>>1or Mz

k >> 1, a correcti~n has been suggested to give agreement with
the second-order quasi-steady supersonic theory of Van Dyke. Tﬁis cor-
rection is thought to extend the validity of piston theory to lower
supersonic Mach numbers and lower reduced frequency.

The Mach box method is also available for use in the flutter analysis.
It appears, however, that a reprogramming of the method is necessary to
account for asymmetry of the wing. This rcprogramming effort does not
need to be as extensive as existing Mach box programs since existing
programs usually concern themselves not only with the wing pressure dis-
tribution but also with wing-tail interference effects. This latter
effect is of no concern to the present analysis. An investigation of
the time required for this programming effort is currently underway.

In addition to the above methods, other techniques have been suggested
for calculating supersonié AIC's. Prime among these are the acceleration
potential kernel function techniques. A literature survey of related

papers is currently being conducted.

Planned Approach to Supersonic Flutter Analysis

Because of the disparity . f aralytical results often encountered in
supersonic flutter analysis, the author believes it to be prudent to pursue
several courses of study simultaneously. As a temporary measure, the
program LAR-10199 should be obtained and made operational as quickly as

possible. At the least, this method can identify, in a qualitative
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manner, the flutter behaviof which may be encountered in the supersonic
flight of the oblique wing. -

A 1isting of a computer program to compute piston theory AIC's with
thickness effects and sweep corrections 1nc1uded is available at V.P.1.

This program has the capability of generating aerodynamic data for-a flutter

program. An attempt will be made to make this program operational.

Finally, the effort necessary to generate a simple Mach box routinev
will be assessed, together with an investigation of newer supersonic AIC
generation methods. The rationale behind the study of these methods is
to generate and compare data generated by different theories and to com-

pare differences and similarities of results.

Continuing Subsonic Flutter Work

A substantial amount of subsonic flutter investigations remain to

- be done. These studies include the effect of pitch inertia on flutter

and the effect of shifting the wing c.g. relative to the aerodynamic
center and the elastic axis. These efforts will continue; a qraduate
student is presently doing graduate work in this area.
Travel

During the time period -overed, a trip was made to the AIAA Structures/
Structural Dynamics Meeting held in May 1975 in Denver, Colorado. In ’
additiun a visit to NASA/Ames Research Center was made on 25-26 September
1975. During this visit the latest results of subsonic oblique wing

flutter studies were presented.
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4. ABSTRACT

Recent interest in asymmetrically swept, ou oblique, wings has raised
fundamental questions about the flutter characteristics of such wings. 'This
paper presents two formulations of the oblique wing flutter problew; one formu-
lation allows wing bending deformations and the rigid body roll degree of freedom
while the second formulation includes bending-torsional deformation and roll
degrees of freedom. Flutter is found to occur in two basic modes. The first
mode is associated with bending-roll coupling and occurs at low reduced frequency
values. The other instability mode is primarily one of classical bending-torsion
with negligible roll coupling; this mode occurs at much higher reduced fre-
quencies. The occurrence of bending-roll coupliag mode leads to lower flutter
speeds while the bending-torsion mode is associated with higher flutter speeds.
The ratio of the wing mass moment of inertia in roll to the fuselage moment of
inertia evidently plays a major role in the determination of which of the two

instabilities is critical.
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Nomenciature

flexibility matrix for clamped fuselage wing

—
o
-

"

¢ = wing chord measured perpendicular to elastic axis (Fig. 1)
¢ = wing chord measured parallel to the free stream direction
.ch = 2-dimensional sectional lift-curvefs1ope

= structural damping parameter

g =
i =/T
Io = wing roll moment of inertia at zero sweep

k = reduced frequency, vc/2V, or wc/2V
R = (I/1;) cos2A
V = airspeed
Vf = flutter speed
V_ = airspeed normal to swept axis, Vn = VcosAr
A = sweep angle
p = air density

w = frequency of oscillation
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Introduction

The recent interest in the use of an asymmetrically swept, high-
aspect-ratio wing to achieve high 1ift-to-drag ratios has generated .
interest in the aeroelastic stability characteristics of such a configu-
ration. However, the undesirable static aeroelastic behavior of
symmetrically swept forward wings has prompted some caution on the part
of structural engineers towards the asymmetrical wing. As a result, con-
siderable discussion of the merits of such a design and the potential
weight penalties yhich might be incurred has occurred. Jones and Nisbet
(Ref. 1) have presented data which tends to allay some misgivings about
the aercelastic stability ~f asymmetrically swept or oblique wings. Pro-
minent among their findings is the discovery that the inclusion of the

" rigid body aircraft roll degree of freedom has a stabj]izing effect on

~ the aeroelastic stabili‘y of the wing, when compared to the stability of

a similar, but clamped, wing. Their analytical results were obtained
through the use of quasi-static aerodyanmic theory to represent the per-
turbation 1ift forces generated by the harmonic motion of their idealized
flexible model.

This study seeks to explore in somewhat more detail than Ref. (1)
the flutter behavior of asymmetrically swest or sblique wings;-to accom-
plish this task the results of two studies are presented. The first
study examines the flutter behavior of an idealized, uniform-property
wing in incompressible flow and at various asymmetrical angles to the
flow. For this portion of the study, quasi-steady aerodynamic strip
theory will be employed in ¢?e equations of motion; the Galerkin method

N
will be used to solve these equations.
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The second portion of the study entails the use of a more sophisti-
cated approach to the solution of the cblique wing flutter problem. This
approach uses a finite-element, unsteady aerodynamic representation
together with a multi-degree-of-freedor structural model to examine more
closely and more accurately the flutter behavior of variable planform
wings.

From these studies, it will be shown that, &ai moderate sweep angles,
the flutter speed of the wing may be lowered when compared with the flut-
ter speed of the wing at zero sweep. ™ addition, the shzy: of the wing
planform and the spanwise distribution of stiffness and weight will have
a significant effect on the relation between flutter speed and sweep

angle.

Discussion

The first part of this study is concerned with the aeroelastic anal-
ysis of a simplified oblique wing model, shown in Fig. 1. The impetus
for such a study stems from the desirability of .ssessing the behavior of
the flutter speed of the wing as it is asymmetrically swept. This model
repre<:nts a wing of uniform structural and aerodyanmic properties, asym-
metrically swept at an angie p to the flow. This high aspect ratio wing
is idealized as a beam with a straight elastic axis, free to roell abouf
an axis paraiie!l to the flew. It is assumed that mass is distributed
along this roll axis such that a mass moment of inertia, If, simuiating
the roll moment of inertia of the fuselage, appears concentrated there.

To examine the aercelastir stability of this model, assume that it
is caused to undergo small osciliations about a "wings level" static

o

eqilibrium portion. The stability of the subsequent motion can be

determined by an examination of the character of this free vibration.
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The structural oehavior of this‘wing car be modelled through the use of

conventional Euler-Bernoulli beam theory. It is further assumed that the
wing has no torsional flexibility so that only bending flexibility is
important. The limits to the validity of this latter assumption will be
discussed later in this paper.

In Ref. 2 , Barmby and Cunningham discuss the flutter analysis of
symmetrically swept wings through the use of aerodynamic strip theory and
the Theordorsen functions. The present study neglects all the noncircu-
latory aerodynamic terms in Ref. 2 but retains two of the circulatory
terms. In addition, the free vibratory motion is assumed to take place
at a value of reduced frequency k = wc/2V which is so small that the flow
is> nuasi-steady. The circulatory aerodynamic terms retained are the term
which corresponds to the familiar damping-in-roll and the term which
arises from the angle of attack generated by bendina deformations of a
swept wing (Ref. 2).

The assumptions about the behavior of this idealized model under-
going small oscillations in the airstream lead to the following

differential equation of motion for the elastic wing.

2 4
l 3} 2,y W
m + EI __Z' (qchxcos A) Sy-tanA (1)

¢ ay

2 .
. qcc ,Cos A M qch¢c052A Py
Vcosa at v

- mpycosA = 0

where m = wing mass per unit length along the y-axis

El = bending stiffness of cross-section perpendicular to y-axis
q = freestream dynamxc pressure
N W = wing upward deformét1on due to bending only
t = time
p = roll rate in radians per unit time

T TPV L PN T
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-, Nondimensionalization of Eq. (1) yields the fo]Towing equatibn.

- 4 . 4 ) l
£ L : 3 A L
Q@ (8)" ¢ S - () () @

an

* 4\ .
+('s-1lﬁ—)($l;) (%% ) (pcosa) n =0

where (°) = differentiation with respect to time
w= WL
n=y/L
A= qch¢L3sinAcosA/EI

The requirement that the sum of all roll moments generated by wing oscil-

latory motion be equal to zero results in the additional equation:

2 \: 2 3 L
\If + 1cos“A ) p ={ qcc L cos™A J’-] SH'“d“ tani (3)
3 1.
+ I mLcosA f wndn
-1

2 qce L2c053A pL
-3 = v

qch¢L3coszA ! .
r————J wndn

If we let ¢ = p cosA then Eq. (3) may be written as

AN

1 1
= o2 (yL); . W 3 f1Iw -
¢+—( )¢=(YS1HA)f —ndn + 3 —-f wndn (4)
3\ 1 an 2 IT -1
y 1 .
+ (LVL)f] wndn

2

where IT = If + Iocos A
o 1 cos2h = 2 m3cos?
. Iw = Iocos A 3 mbL cp? A
- 2 3
Y = qchmL cos A/IT
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To solve Eqs. (2) and (4), the time dependency is eliminated by recoyni-
tion that the functions w(n,t) and ¢(t) are separable such that

w(n,t) = f(n)e"® | (5a)

o(t) = ¢ert

Next, Eq. (2) is separated into two parts, one valid in the region -1 < q
< 0, the other valid in the region 0 £ n £1. Finally the resulting set

of equations is solved approximately through use of Galerkin's method. A

‘simple polynomial to use for such a solution is that shape obtained for

uniform loading of a cantilever beam. In this case the function f(n) is

approximated as:

A
1A
—d

n

~ fln) =

%'(an - 40 4 n4) 0
b (6)
= (

3

6n2 + 4n3 + n4) -13q%0
where a and b are unknown constants. the Galerkin method leads to a set

of three homogeneous algebraic equations, represented in matrix form as:

BIHRE

The coefficients dij are given in the Appendix to this paper.
It is found that, in the absence of the roll freedom, the first
natural frequency of vibration of the clamped wing, in vacuo, is pre-

dicted by the Galerkin method to be '
w, = 3.530 [EI (8)

mL4

This compares with the exact solution (Ref. 3)

w = 3.518 [EI (9)
0 1#"1
mL

Fox_the clamped wing, it is tbund that the sweptforward wing undergoes

static djvergence when r is zero. This occurs at a value of A equal to

e A oM L 1
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6.40. The exact wolution gives a value of A for static divergence of
6.33 (Ref. 4).

If all the system parameters, such as EI, A and V,are substituted
into the expressions for dij’ then the determinant of the matrix dij’
written as A(dij)’ can be used to find r through the relation:

A(dij) =0 (10)
With reference to Eqs. (5a,b), it is seen that if r is found to be a real
number, then motion is aperiodic. A positive real value of r indicates
aperiodic instability or static divergence. On the other hand, if r is
found to be a complex number, motion is harmonic. If r = « + iuw then the
motion is periodic of frequency w. For negative values of «, the motion
decays, but for positive values of « it grows with time. This latter
situation corresponds to the dynamic aeroelastic instability commonly
referred to as winy flutter. At the value r = jw, the system undergoes
undamped oscillation and is said to be.in neutral equilibrium. For a

given set of system parameters, the airspeed V at which this occurs is

called the flutter speed, VF'

The way in which the problem is presently formulated allows us to
pick one system parameter as the unknown in Eq. (10). The magnitude of
the complex number r is of no interest, but rather the value of velocity
at which neutral stability occurs. For this reason, it is found to be
advantageous to let r = iw in the expressions for dij and to express these
coefficients in terms of W and the parameter 8, defined as

B = A/A (1a)

\ div
4

S - -
where Miv © 32/5 = 6.40 (11b)

The expressions for dij in terms of these parameters may be found in the

Appendix.
N ¢




Given the system physical parameters, the determinant in Eq. (10)
may be expressed in terms of the independent variable 8. Collecting
terms, the determinant is found to have a real part and an imaginary part

given respectively by the expressions
4 2 22 /4
w 1 -39 w 21 - 39 D, Dw_ (1-39

+ [} - 8% + 26 8R + &l,wn] =0
25 60

4 2
and w 1 -177 w 1+1 1
E) (o a)-() (Rrrmw) o

+ 301+ 6%28) = 0

22 108 °°CL«L>( BR \

where D Wy = 208 ( T Tank (13a)
108 (PCLBY (R

and. D = 355 ( o) \Tank (13b)

The selection of a value of B8 which yields identical values of the
ratio m/wo in Eqs. (12a,t) completes the solution. From this value of 8,
the flutter velocity may be obtained.

The above solution rrocedure was implemented for a small model wing
constructed of aluminum sheet with a constant thickness of 0.064 inches.
The wing properties were taken to be:

Material density = 0.101 1b /in’

c =4 in. L =20 in. Cle = 2n

IO/If =3 EI = 874.0 Tb-in.

Using a sea level air density value, Eqs. (12a),(b) were solved numeri-

cally using a Newton's methpq trial and error solution technique. The

k)
ré?h]ts of this analysis are shown in Fig. 2.
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From Fig. ¢, it is seen that the flutter speed decreases as the wing
is swept. For small values of A, the value of VF greatly exceeds that of
the clamped wing static divergence speed, VD' However, as A increases,

fhe critical speeds VF and VD draw closer tcqgelher; at A = 90° they will

. coincide. As suggested by Jones and Nisbet in Ref. 1, the moment of

inertia ratio Iw/IT plays a significant role in the fiutter analysis of
this asymmetrical wing. From the expression for Iw/IT’ it is clacvly
seen that this ratio tends to zero as A approaches 90°. It has been sug-
gested that this mass moment of inertia ratio should be as large as
possible to improve flutter performance. The results in Fig. 2 suprort
this suggestion.

Since one of the original assumptions of the present analysis was
that the flutter instability occurs at relatively smail values of reduced

frequency k it is worthwhile to note the values of reduced frequency for

. which the instabilities in Fig. 2 occur. These numbers are listed in

Table I. Although these reduced fréquencies are reasonably small, the
accuracy of these results is probably somewhat degraded by the quasi-
steady flow assumption.

The model just analysed is similar to, but not identical to, a
series of models used by Papadales (Ref. 5) in wind tunnel experiments at
Virginia Poiytechnic Institute. Those experiments had as their primary
objective the study of the static aeroelastic characteristics of clamped
oblique wings. However, when those tests were completed, simple flutter
tests were conducted on roll-free models. Although no attempt to take
accurate data was made during these flutter demonstration tests, the
velgcity magnitudes shown in Fig. 2 correspond to the order of magnitude

of the velocities observed in these demonstrations. In addition, for



sweep angles greater than 15-20°, the primary mode of instability was
observed to be a fundamental symmetrical bending mode coupled with a
rigid body rol1 oscillation (Ref. 5).

For sweep angles less than about 20°, the tests described in Ref. §
found a flutter mode which resembled a more conventional bending-torsion
coupling with a slight degree of rigid body roll interaction. These
| observations, together with the desire to obtain a more accurate versa-
tile analysis model, suggecied the application of a more sophisticated
analysis technique to the oblique wing flutter problem. It is to this
analysis that we now tu'n our attention.

Conventional fiutter analysis of realistic aircraft employs assumed
structural deflections or mode shapes together with generalized coordi-
nates assigned to these mode shapes. An excellent discussion of modal
and ncn-modal matrix methods of flutter analysis is given by Rodden in
Ref. 6. 1In addition, Ref. 6 presents a succinct discussion of how to
include free-free boundary conditions intc the conventional restrained or
clamped modei. This latter discussion follows the development given in
Ref. 7, but is more general. The highlights of Ref. 6 are reviewed here.

To analyze the flutter behavior of a planform such as that shown in
Fig. 4, it is necessary that the following items be taken intq\account:
the distributed mass of the wing along the span; the variable bending and
torsional stiffness along the span; and the unsteady, three-dimensional
aerodynamic forces and moments associated with deformations caused by
wing oscillations. With the assumption of simple harmonic motion at fre-
quency w, the classical matrix equation for flutter anaiys{s, before the

iq&}usion of assumed medes,’ 's given by (Ref. 6):

DB Gl o
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In this equation the static flexibLility matrix [a] has been divided by
the factor (1 + ig) to account for the structural damping necessary to
sustain simple harmonic motion. The 2lements of the vector {(h} are

actual elastic defiections and rotations at concrol points on the wing.

The mass matrix [M] and aerodynamic influence coefficient matrix [Ch] are

both multiplied by the frequency squared. The coefficients of [Sh] refer
to the air density p, the reference semi-chord br and the Jing semi-span
s. The elements of [Ch] are complex numbers and functions of Mach number
and the local control point reduced frequency, k = wb/V, where b is the
local semi-chord. With the formulation in Eq. 14, the unsteady aerodyna-
mic forces enter into the problem, mathematically, as complex masses.

The idealization of the wing structure as an assemblage of beams,
each with a straight elastic axis, permits the use of conventional finite
element structural analysis methods to describe the wing stiffness and
flexibility. The reader is referred to Refs. 8 and 9 for discussions of
this method. Similariy, the mass matrix may be formulated from finite
element methods. The mass matrix must account for the fact that the wing
shear centers may be offset from the wing chordwise location of the cen-
ters of mass. Finally, to model the three-dimensional aerodynamic forces
and moments, the doublet-lattice method (Ref. 10) was used. To employ
this method, an existing computer program (Ref. 11) was emp]o}ed to gen-
erate aerodynamic influence coefficients.

A computer program was written to calculate the matrices in Eq. 14
using these methods. The free vibration modes for the clamped system
are then used to reduce the size of the matrix equations. The free-free
bqg?dary conditions are then;introduced to "free" the clamped system
described in Eq. 14; this allows rigid body roll #vesdam, (Once these

matrices have been formed, the eigenvalues and eigenvectors may be

N
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found. Since the aerodynamic influence coefficients are functions of
reduced frequency k and Mach number (in these studies, Mach number {s
zero), a set of eigenvalues and eigenvectors corresponding to each value
of k is generated. The familiar V-g method (Ref. 3, pp. 565-568) is then
used to find the value of velocity at which neutral stability occuré.

To assess the effect of torsion and unsteady aerodynamics on the
flutter analysis of the oblique wing, the uniform property aluminum wing
was reanalyzed. The wing is considered to have the same structural pro-
perties as before, but, in the present example, GJ is taken to be equal
to 1346 1b-in. It should be noted that the flat, sheet-aluminum wing has
a ratio of first bending to first torsion which is slightly higher than
that common to conventional aircraft.

The analysis of the constant property wing, including roll freedom

and torsional flexibility and employing the doublet-lattice method was

~ conducted with a sixty degree-of-freedom model. These sixty degrees of

freedom were obtained by considering ten control points on each wing;
each control point has pitch, plunge and bending rotation elastic degrees
of freedom. This model was subsequently reduced to a twenty degree-of-
freedom model by using the first twenty natural modes of the system.

The results of this flutter analysis are displayed in Fig. 3 as
ratios of the instability velocity (either flutter or divergenée) to the
velocity at which wing torsional divergence occurs at zero sweep; this
latter velocity is denoted as VDO'

In Fig. 3 the behavior of the wing when the fuselage is clamped is
shown as the curve labelled VD/VDO' With the fuselage clamped, instabi-
lifg is found to occur at a-geduced frequency k = 0; this is diveroznce.
When roll freedom is allowed, and when IO/If =3, a dynamic instability
appears; this is flutter and iz shown as the curve VF/VDO‘ Urnlike the

N\
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strip theory results, the flutter speed does not tend to infinity as A
tends to zero. In fact, the flutter speed reaches a maximum near 15° of
sweep and then &eclines, approaching the clamped divergence speed at a

sweep angle of 60°. From an examination of the mode of instability in
the analysis and from test observation, it is found that, from A = 0°
until near A = 30°, the instability resembles bending-torsion flutter
such as might be observed on symmetrically swept back wingé; an increas-
ing amount of rigid body roll appears as A increases.

As a further illustration of the flutter behavior of oblique wings,
a non-uniform wing planform, constructed in the same manner as the uni-
form property wing, was analyzed. This wing (Fig. 4) has a modified
elliptical planform and is constructed to give, theoretically, the mini-
mum induced drag for a given 1ift, given span and given root bending

moment (Ref. 12). In this case, the wing-fuselage combination has a roll

~ moment of inertia ratio IO/If = 11.69. Fig. 5 shows th2 stability behav-

ior of the clamped and roll-free wings. While the decrease in divergence
speed with increasing A for the clamped wing shown in Fig. 4 resembles
that of the uniform property wing, the behavior of the flutter speed for
the nonuniform wing is much different. Once again, for large sweep
angles, the decrease of flutter speed with sweep angle is seen in Fig. 5;
however, the roll-free flutter speeds and clamped divergence speeds are
more widely separated in Fig. 5 than ir Fig. 3.

To assess the importance of the roll moment of inertia, the aero-
elastic stability of the nonuniform property wing shown in Fig. 4 is
again studied. However, the roll moment of inertia of the fuselage is
nqﬁ\increased by a factor of;two. The results of this study are pre-

sented in Fig. 6 and are compared to those previously obtained using the

12
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smaller fuselage roll moment of inertia. Once again, the results are
displayed as ratios of flutter speed to clamped divergence speed at zero
sweep angle.

The effect of increasing the fuselage roll moment of inertia is
clearly seen in Fig. 6. The flutter speeds for both moment of inertia
ratios are seen to be identical until about a i5 degree sweep angle.

Near this point the flutter mode for the Io/If = 5.85 wing becomes pre-
dominantly one of fundamental bending with rigid body roll coupling.
This is seen to depress the flutter speed as A increases.

| As a final example, consider the uniform property aluminum wing.
This wing has been previously analyze¢d using quasi-steady strip theory
aerodynamics and elastic berding degrees of freedom with roll coupling.
It has also been analyzed with a bending-torsion model which used the
doublet-lattice aerodynamic loads. For the present example, the value
of the torsional stiffness GJ is chosen to be 10 times that of the exam-
ple whose re;ults were presented in Fig. 3. The results of the present
study are shown in Fia. 7, where they are compared with those presented
in Fig. 3. In Fig. 7, the designation "ling 2" refers to a uniform
property wing with properties identical to those of "Wing 1" except that
wing sectional torsional stiffness of Wing 2 is ten times thag of Wing 1.

In Fie 7, the relation between flutter speed and A for Wing 2 is
seen to nave a discontinuity near A = 15°. Increasing the value of GJ is
found to haQe a pronounced effect on flutter speed at moderate sweep
angles, but has little effect on flutter at high sweep angles. The dis-
continuity is beltieved to be caused by a sudden change in fhé‘f1ut€érp

mqge near 15 degrees sweep. ] For sweep angles beyond 15°, the results



obtained for this wing with high torsional stiffr.ss resemble those
obtained with the bending model and strip theory airloads. The reduced
frequencies at the onset of flutter of Wing 2 are displayed in Table II
for several sweep angles. From this table, it is seen that the flutter.
which occurs primarily as a roll-bending or flapping instability, occurs
at relatively low reduced frequencier '/hent compared with the reduced fre-
quencies which arise at the onset of bending-torsion flutter. Also, a
comparison of the reduced frequencies in Tables I and II shows that the
reduced frequencies at flutter in the two studies are comparable in mag-

nitude.

Conclusions

Before summarizing the results of this paper and listing conclusions,
certain features of the idealized models studied should be reviewed.
These models were chosen for analysis because of past experience with
wind tunnel tests. A constant thickness, sheet metal wing has a bending
stiffness which is proportional to the wing chord measured perpendicular
to the wing elastic axis; the tcrsional stiffness varies in a similar
manner. This proportionality of the stiffness to the wing chord leads to
bending and torsional stiffuess distributions which are concave downward
when plotted versus the spanwise coordinate. In actuality, the bending
stiffness distribution which results from considerations of wing strength
usually appears to have a concave upward distribution (cf. Ref. 3, p. 45).

The wings considered in this study had wing sectional centers of
mass coincident withk the shear centers; thus, there was no elastic axis-
c.g. offset. Dynamic coupling was either nonexistent, as in the case of
the.uniy-  property wing, oé minimal, as in the case of the variable
property wina. This latter wing has a line of shear centers which is

curved slightly forward wher the wing is in its unswept position.
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The combirations and permutations of the various pairameters which
affgct the aeroelastic stability of an aircraft are seemingly endless.
However, several conclusions may be drawn from the'present-studies at
zero Mach number. Prominent among ithese conclusions is that the inclu-
sfon of the rigid body roll degree of freedom into the flutter model
causes the mode of instability to change from an aperiodic instability
(divergence) to an oscillatory instability (flutter). The degree to
which the stability boundary is modified depends upon the sweep angle A
and the ratio of the moments of inertia in roll of the aircraft fuselage
and the wing in its unswept position.

If the wing instability appears as a coupling between the wing's

fundamental bending mode and rigid body roll (the "flapping" mode), flut-

ter speed is reduced as A increases. However, if the sy<tem pa2rimcters
are such that flutter appears primarily as a bending-torsion coupiing,
the flutter speed may actually increase as the wing is swept. If the
wing can be either elastically or dynamically tailored, it may be possi-
ble to avoid the flapping mode type of instability altogether.

Topics v rranting further investigation include: the effect of Mach
number on oblique wing flutter; the significance of elastic axis - c.qg.
offset; and the effect of elastic tailorin~ ui the wing. It is antici-
pated that these and other studies will provide further insighf into this

unique aerodynamic design.

15
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Table I - Reduced Frequency k at Flutter (Fig. 2)

k = mc/ZVn

A (Degrees)

0.0225
0.0330
0.0494
0.0587

15
30
45
60

Table II - Reduced Frequency k at Flutter

(Wing 2, Fig. 7)

k = wc/2V

A (Degrees)

0.29
0.29
0.29
0.022
0.025
0.028
0.038
0.04§

7.5
15
20
25
30
45

.60
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Appendix
The application of Galerkin's method to Eqs. (2,3) results in the

determinant in Eq. 10. The elements of the matrix [éij] are given below.

,
dyq =-(%°-) + D+ 1 +8 (A1)
djp = 0 (h2)
d,, =2 Y . iwD | (A3)
137 8 |\y, ! ,
dyy = O (A4)
(1] 2 .

dzz"(;;‘) +iD+1 -8 (A5)
don = 3-“‘2-'0 (A6)
23~ "8 |\o, o

dyy = w2(13R/30) - 1we(13/45) - (ysinA)(3/5) (A7)
dyp = - W (13R/30) + fwp(13/45) - (ysinh)(3/5) (A8)
dyy = - Wl + iwp(2/3) (R9)

The following definitions of terms are used in the above equations.

D = (13/162)(AL/VsinA) ¥ = yL/V
R = (IO/IT)coszA ' A= qch¢L3sinAcosA/EI
‘ 3
N g = A/Acr = 6)/16 ' y = qchWchos A/IT
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Abstract

A static aeroelastic phenomenon unique to an aircraft with asymmetrically

swept wings is disc ssed and the potential magnitude of its importance assessed.

For this assessment, a simple formulu is derived from the analysis of a highly
‘idealized model. The validity of this formula {¢ examined through the use of
a more sophisticated numerical analysis. Among the resuits of this analysis
are the following: aileron settings of a few degrees are sufficient to trim
such aircraft in roll for 1g flight; the use of so-cailed built-in twist in
the form of an initial wing anhedral provides an efficient alternative to
aileron trim; if the wing is elastically tailored in a proper ashion, it

may be possible to design a wing whose elastic deformation under airloads
provides a form of self-trim in roll at the cruise q of the aircraft, in

wihich case no aileron input or anhedral is necessary.
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Introduction

The oblique wirg aircraft concept is currently being explored as a possi-
ble method of achieving high 1ift-to~drag (L/D) ratios at high iransonic and
low supersonic soeeds (Ref 1,2). Prominent among the features of this uncon-
ventional aircraft is a wing of relatively large unswept aspect ratio (of thé
order of 8-12) which can be pivoted so that it presents itself at an oblique
angle to the flow (Fig. 1). Theoreti:.lly, this asymmetricacl sweeping of a
high aspect ratio wing results in ¢ ' ry efficient wing shape in this speed
range (Ref., 3). That this theory is vi1id has been shown in wind tunnel tests
at the NASA Ames Research Center (Ref. 4). While demonstrably advantageous tc
the aerodynamicist, such a design suggests potential structural stiffness and
strength difficulties which deservz careful consideration. Of these difficul-
ties, the areas of static aeroelasticity and flutter behavior of the wing seem
most important and worthy of analysis.

The term static aeroelasticity is commonly applied to aeroelastic problems
where inertia effects can be safely neglected. Control effectiveness and the
redistribution of airloads on a flexible aircraft are prime eiamp]es of prob-
1o's where the equilibrium state of the flight vehicl2 is highly dependent upon
the interaction between the airloads and the flight structure. On the other
hand, static wing divergence provides an example of a static aeroé]astic stabi-

1ity problem. Since this latter problem is of no concern to a freely flying

_oblique winged aircraft (Ref. 2), the attention of this paper will be focused

only on the problem of flexible w.~q airload redistribution and the lateral
trim requirements of flexible wings which are asymmetrically swept.

Earlier studies have focused attention of stability and control character-
istics which might be of impoéténce to oblique wing aircraft design (Refs. 5,

6,7). In Ref. 7, the author very briefly explored the possible influence of
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static aeroelasticity on oblique wing design. Further work in this area has
shown that the analysis presented in that reference can be extendéd and inter-
preted in such a way as to yield meaningful results. For this reason, the
present study is divided into three parts: the analysis of the potential aile-
ron control requirements for an oblique winged aircraft to ensure lateral
equilibrium at various flight speeds; the presentation, analysis and comparison
of an alternative mode of ensuring lateral equilibrium, the use of so-called
built-in or geometric twist; and, finally, an assessment of the validity of the
assumptions used and results obtained in the latter two studies.
Discussion

Some insight into the magnitude and importance of the oblique wing lateral
trim problem can be obtained through the study of the simplistic elastic wing
model considered in Ref. 7. The analysis of this modei, shown in Fig. 2, will
seek to determine the extent to which aileron deflection, or some other means
of control, is necessary to ensure lateral equilibrium. Although the analysis
of the use of aileron deflection for this same model has been briefly discussed
in Ref. 7, the essential features of that analysis will be reviewed here and
the results extended because they bear heavily upon the ensuing geometfic twist
analysis.

The idealizition shown in Fig. 2 represents a continuous, uniform-property,

elastic wing, of constant chord, swept at an angle A to the direction of

flight. The wing is uncambered and has full-span ailerons for lateral control.

For the formulation of the analytical model, the wing is assumed to behave as a
slender beam with a straight elastic axis; torsicnal flexibility of the wing is
ignored to simplify the analysis. Finally, aerodynamic strip theory is used to
dechiPe both the applied loads:and the aeroelastic loads. With reference to
Fig. 2, the governing differential equation of equilibrium of the flexible

wing, under the usual elementary beam theory assumptions can be written (in

N
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nondimensional form (cf. Ref. 8, pp. 479-481) as:

3
4

dn EI

d

Pt A

W
-1 <<l : (1
dn4 -7 )

where w(n) =-bending deformation, nondimensionalized with respect to L.

Po = constant load per unit Tength in the n direction.

El = bending stiffness, a constant.

A= qch¢L3 sin A cos A/EI.

. 3 2
g = qchGL cos A/EI.

q = aynamic pressure,

Cle = two-dinensional sectional 1ift curve slope per unit chordwise
angle of attack.

CLs = two-dimensional sectional 1ift curve slope per unit aileron

deflection.

If this wing were to be clamped at its center, 2 roll moment would be gen-
erated if ailerons were not applied in an antisymmetrical manner. This roll
moment occurs because of the well-known tendency of sweptforward wings to
develop 1ift forces when deflected upward and the tendency of sweptback wings
to 1ase 1ift when similarly deflected upward. In the wind tunnel, a wing roll
moment can be counteracted by the tunnel mount; in free flight, some mode of
lateral control must be used. The analysis which follows assumes that longi-
tudinal trim is supplied by control surfaces which do not enter this problem.

As shown in Ref. 7, the full span ailerons may be used to null out the
aeroelastic roll moment on the oblique wing if they are deflected such that the

following relation is satisfied.

6 O<n<l .
A s =1 ° - | (2)




Moment equilibrium about the roll axis requires that

8, = (fjgi tan A dw (3)
°Ls O

The assumption of the existence of a very stiff wing pivot support struc-
ture at the aircraft centerline allows one to separate Eq. 1 into two regions,
thus simplifying its solution. In this case, eacl wing half is assumed tc be
clamped at the aircraft centerline, or wing root position, and free of bending
moments and shear at the wingtips. With these assumptions, a closed-form solu-
tion for 60 in Eq. 3 may be found. Because the term dw/dn enters into the
aeroelastic load computation, this derivative is cf more significance than the
deflection w(n) itself. For this reason, the solution to Eq. 1 is usually pre-

sented in terms of the variable r(n) where

I'(n) = dw (4)
dn
With the definition of r'(n) in Eq. 4, the solution for T'(r) is written

symbolically as:

I(n) = { "l Pencl . (5)

rL(“) -1 <n < 0

The functions rR(n) and rL(n) are given in the Appendix to this paper. Substi-

tution of these expressions into Eq. 3 and subsequent integration yields an

expression for 8y-
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The variables TL and TR are tunctions of the aeroelastic parameter A and are
also to be found in the Appendix.

It is found that, if the sweptforward wing portion is clamped at the root
and in the absence of aileron agplication, the wing will undergo static diver-
gence at a value of A= 6.33 ([:f. 8, 311-317). The value of the parameter A
thus provides one measure of t'e influence of static aeroelasticity in this
type of problem. A relaiec parameter which is sometimes useful is the variable

q*. The parameter g* ¢ .ntes the ratio of the flight q to the divergence q,

Yrv°

a* = a/qppy (7)
If the variables A, EI, L and ¢ are held fixed, then

q* =1/6.33 | (8)

The magnitude of the aileron deflection parameter 60 may b2 conveniently
examined if we look at the behavior of another parameter, y, found from a mani-

pulation of Eq. 6.

y = 6.33 [50/ (p0L3/EI) }/[CLK tan A/cu]t (9)

A graph of y versus g* is given in Fig. 3. Two features of the relation shown
in Fig. 3 are wrrthy of note. First of all, as q* approaches the value 4.335,
the parameter y tends to an infinite value because, at this value of d*, TL =
T.. Alsu, it is seen that the value of y is nearly equal to unity for values

R
N
of q* in the range 0 < q* < 1.50. If this latter observation is used, together

with Eq. 9, then
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_2£.1> (EL:)UuaA)// 6.33 (10a)
Ls
or 5, ¥ (P&L_3) (Eg)tan A/ 6.33 (10b)
I Cs

Eq. 10b can be rendered more meaningful if Py is related to the 1g flight

condition of an aircraft of gross weight W. Po represents the load per unit
length (assumed -constant) along the swept span caused by the airloads on the
rigid wing; a relation between Py and W is readily obtained if we ignore both
the aileron induced airloads and the aeroelastically induced airloads. This

relation is

v
2pL = W (11)
Therefore, the first coefficient in Eq. 10b becomes é
32 1 ;
Pok™ o L (12) ?
Bl T 2E1

The degree to which Eq. 12 is an approximation will be discussed later. How-
ever, it should be remarked here that the inclusion of aeroelastic lift into
the analysis causes the term on the left hand side of Eq. 12 to be a fraction

of the term on the right. This fraction is very close to unity for reasonable

ok T nde. <M B .

values of q*. By substitution of Eq. 12 into Eq. 10b, one obtains the result:

¥ [&Z] [Cm tan A]/]Z.GG (radians) (13)
El

CLs

T
)

. ) .
The most striking feature of Eq. 13 is that 60 does not depend on the dynamic

pressure and therefore is not an explicit function of the flight speed. The




parameter 60 does, however, depend upon the wing flexibility and the sweep
angle A. Although formulated for a 1g flight condition, the weight W enters
the équation linearly and could just as well have been written as NW for an Ng
condition. This feature of Eq. 13 means that, once the aircraft is trimmed for
one flight speed at a given sweep angle A, it is trimmed for all flight speeds
at that same sweep angle and altitude. To illustrate the order of magnitude of

the aileron deflection which might occur for a large transport aircraft, let us

~use the following data which are chosen to be typical of this class of aircraft.

W = 400,000 1b.
El = 20.0 x 10'" 1b-in.
C

a2
CLe
L = 1200 in.

For this data, we obtain, from Eq. 13:
8 ¥ 3.26 [ tan A ] (degrees) (14)

At 45° of sweep, a full-span asymmetrical aileron deflection of 3.26° is neces-
sary to ensure lateral equilibrium. Although not extremely large, such a
deflection might have an adverse effect on aircraft yaw trim and cruise L/D.

Turning to the second objective of this paper, the previods discussion has
illustrated but one method of controlling the tendency of the ob{ique wing to
develop a rolling moment in flight. One method of improving aerodynamic per-
formance in aircraft has been the use of geometric angle of attack distributions
or "built-in twist." For this application, the flight structure is geometric-
ally tailored to satisfy some performance ovjective.

Wind tunnei tests of "rigiﬂ" oblique wings and the analysis of such wings

by methods employing accurate aerodynamic theories have shown that there is a

tendency for the lift distribution to build up on the sweptback wing. This

N
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tendency causes a roll moment o,oosite in direction to that caused by aeroelas-
tic effects. To cancel out this adverse situation, it has been proposed

that some amount of upward wing geometric curvature or dihedral be used to
alleviate this roll moment (Ref. 9).

To understand how a swept wing with a built-in deflection can develop an
angle of attack with respect to the airstream, consider the situation shown in
Fig. 4 (the reader is referred to a similar, more complete discussion given in
Ref. 10, pp. 474-479). Since small rotations transform as vector quantities,
it is Qeen that the angle of attack «, seen by the freestream parallel to the

flight direction is, for a sweptback wing section, given by the expression
« =0 Ccos A -y sinA (15)

For a sweptforward wing, the above relation is modified by substitution of a

“plus" sign for the negative sign before the second term on the right hand side.

If o, the twist angle along the swept axis, is zero then the inclination
of a sweptback wing such that the swept axis forms an angle ¢ with the horizon-
tal plane, i.e. a dihedral, results in a constant negative angle of attack

along the wing. Conversely, a dihedral on a sweptforward wing results in a

constant positive angle of attack. Thus, for an oblique wing, a built-in dihe-

dral angle tends to generate a set of 1ift forces which roll the‘aircraft SO as
to elevate the sweptforward wing tip; an anhedral would produce jLst the oppo-
si¢s effect. The key point here is that the anhedral-dihedral effect is, in
essence, a built-in geometric twist effect. The purpose of the ensuing discus-
‘sion is to show how this effect can provide lateral equilibrium without any
aileron action.

Jﬂ?th the assumptions used in the previous aileron study and once again

nsing chordwise cross sections, the nondimensijonal governing equation of equi-

1ibrium for the flexible wing with an initial built-in dihedral angle

ondk Ui S
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distribution ¢(n) (¢{n) is the angle formed by the swept axis and the hori-

zontal plane) is as follows:

3
d_“%ﬂd_w:i’i-w(n) -1<ngl (16)
dn dn EI

The definitions of the quantities other than ¢(n) used in Eq. 16 are identical
to those used in Eq. 1. To cancel the aeroelastic roll moment, a constant ini-

tial built-in anhedral angle is used such that y(n) is defined as:

-]En<0

p(n) = { O (17)

-wo 0<nc<l

The comparison of Eqs. 16 and 17 with Eqs. 1 and 2 shows that they are

made identical if

wo = 60 C_L_G_ tan A (]8)
cLo:

To guarantee roll moment equilibrium, Yo must satisfy the relation

1 1
Vo = f n dw dn f n I'(n) dn (19)
-1 dn -1

\

il

The solution for the variable I'(n) = dw in this problem is identical to that
presented for the previous aileron prgglem if the term Awo replaces the term
850 in the expressions for T'n and I‘L given in the Appendix. Substitution of
these expressions into Eq. 19 and subsequent integration yields a relation for
Yo given by: .

N i

3
A | EI J TL+TR

-9-

ety A AR A

T T PR S

53 A e e

ST e Y bR SR

T S T




The expressions for TL and TR are those presented in the Appendix.

S T ARt

Assumptions similar to those given for the aileron analysis lead us to an

approximation for Eq. 20 given by:

2]
= ] WL 21
%o 12.66 [t‘r J (2

An examination of Eq. 21 and comparison of this relation with Eq. 13
reveals how remarkably efficient the use of built-in twist, in the form of the
initial anhedral, is for the oblique wing roll equilibrium problem. Eq. 21 has
no factor (CL«/CLG) tan A, reflecting the fact that the same airfoil sections
which are causing the roll equilibrium problem are also being used for its
solution. As the influence of aeroelasticity increases with the angle of sweep,
so too does the counteracting built-in twist effect, since the sine of A in Eq. 15
increases with A,

From Eq. 21, it is seen that the anhedral angle of the swept axis is not a
function of flight speed. Use of the same typical parameters as were consid-

ered for the aileron example results in a value for wo of
Vo = 1.30 degrees (22)

This initial anhedral angle is small and corresponds to a situaticn where the
wing tips are initially located a distance of 27.2 inches below a horizontal
ptane passing through the fuselage centerline, a rather small distance when
compared to the 100 foot semi-span.

Since the simplistic formulas given by Eqs. 13 and 21 are approximations,
even for the idealized model used in this analysis, two additional tasks remain
before this study can be considered complete. The first of these tasks is the
detersination of the extent to &hich the aeroelastic 1ift contribution affects

the accuracy of these strip theory expressions. The second task is to

-10-




determine to what extent the use of aerodynamic strip theory to describe the
loads affects the problem solution. For the sake of brevity, we will examine
only the geometfic twist problem, since the solutions to this problem and to
the aileron probiem are mathematically similar.

‘To accomplish the first task, we begin by summing all of the vertical
forces which act upon the idealized wing and the equate these forces to the

aircraft gross weight; the following expression results.

3 1 ~
2P A [ dwdn _ WP (23)
ET -1 dn ET

The integral term in Eq. 23 represents the relative vertical distance between
the wing tips. Physical reasoning leads one to expect that this will beva
small negative quantity. It is this latter term which is ignored in the formu-
lation of Eqs. 12 and 20.

Direct integration of the integral term in Eq. 23 using the expressions

for T(n) and subsequent solution for Po yields the re]ation;

3
P w2 | TR (24)

El 2EI TRUL-TLUR

UL and UR are defined in the Appendix. The substitution of Eq. 24 into Eq. 20
\

gives the exact .olution for Vo'

b1 | TR |t (25)
0 7 TEU[:T[UE ET

The coefficient of the factor [NLZ/EI] is a function of the aercelastic
paramgter 1. Eq. 21 approximatas the value of this coefficient to be 1/12.66
or 0.07900. This approximation is the result of taking the value of y to be
unity and ignoring th~ aerogelastic 1ift. The ratio wo/(sz/EI) is shown in

N

-11-

M5 s 8

o A e T b S

e T SRR A

TR 30 . IR ek e

R i it i




precluded. Even more important is the realization that the use of strip theory
results in the overestimation of loads towards the wing tips.

To investigate these possible shortcomings an analysis, based upon the
theoretical model developed in Ref. 11, was carried out. The aercdynamic theory
used in Ref. 11 is based upon a modification of the Weissinger-L method
detailed in Ref. 12. The structural model assumes the wing to be a beam with
bending-torsion flexibility. The analysis method detailed in Ref. 12 is a
matrix method which permits spanwise variations in wing elastic properties; its
chief advantages are the ease with which it may be programmed for the computer
and the relatively short computer run times needed for static aeroelastic
analysis.

To test the validity of the simplistic relations derived previously in
this paper, a computer study using the model just described was conducted on an
elastic wing model similar in size to a set of elastic wings Qsed in wind tun-
nel tests at Virginia Polytechnic Institute (Ref. 13). The idealized model has

the following properties:

¢ =4 inches

L = 20 inches

Cle = 6.28 per radian
EI = 1000.0 1b-in.

The torsional stiffness input to the computer program was chosen‘to be ten
times the bending stiffness so that only bending flexibility was important to
the analysis. The results of the analysis of this idealized, uncambered wing
give the value of the initial built-in anhedral in terms of the wing loading
parameter, W/S 1b/ft2. Given the scale of the idealized wing model, a value of
W/S Qi the order of 1 to 2 psf.fis probably representative when compared with

the large transport data given previously. For this small model, the use of

Eq. 21 gi‘ﬁ%ﬂ%? anhedral value of
EDING pag
E'BLABHK‘RNJT‘EDmnzly
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b, = 2.012 xu(%> degrees C< | (27
The above mentioned computer analysis was run at a Mach number of zero and

at three sweep angles, A = 15“, 30° and 45°. The studies were run for g* /

values in the range 0 <q< 2.5. Attention is called to the fact that qpqy

changes with‘A. The results of this study are displayed in Fig. 6.

‘ In Fig.f6,‘the required anhedral angle (per unijt W/s psf.)fis p]dtted ver-

sus g* for the three sween'anglesfconsidered. A solid straight:1the is drawn.

to represent the strip theory nrediction.’ From this figure; it is seen that at

each‘vajue:of A, the,required value of wo is a tunctton of g*. The change in

requfred”ué is dramatic in the range 0 < g* < 0.50,-out”1ess so above g* = 0.50.

~In a]l cases'theéStrip theory tormu]a overestimates the required va1ue of Yo 3

the reason for th1s overest1mat1on is that the use of strip theory resu]ts 1n

an 1dea112at1on that is too flexible from a static aeroe]ast1c standpo1nt

. That this latter observation is true can be seen in the_fact that strip theory

Underestimates‘the va]ue of qDIV by about 30% when compared to the numerical

method being used‘here. | o

| Of further interest is the observation that, at low values of g*, afnegaim

t1ve va]ue of w 1s reqUired E - Th1s corresponds to the observation

. in Ref 9 that some s]1ght upward curvature of the w1ng is necessary to correct |

a sma]l ro11 moment caused by the 1ift d1str1but1on shifting toward the down-

stream W1ng t1p These sma]] va]ues of q* correspond to what the author would B

term a "r1g1d" ‘wing. | | ‘ | -
Some potent1a1 1mportance may be attached to the fact that crossover

“p01nts«ex1st 1n-the curves presented in Fig. 6 wheresthe’requjred anhedra1

'f’changesfsignk: It is to be“notad'that these changes in'sign occur at’orooresl

‘s1ve;; larger . va]ues of g* as A 1ncreases At th1s po1nt, by def1n1t1on, no

E 1atera1 trim is requ1red to maintain equ1]1br1um Th1s occurs because the ro]]
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moment caused by the airload buildup towards the sweptback wing tip is just
cancelled by the aeroelastica’ly induced load buildup towards the sweptforviard
wing tip. On an actual aircraft, this crossover or zero point would be a func-
tion of such parameters as wing planform shape, sweep angle, Mach number and
stiffness distribution.

At the crossover point, no built-in anhedral or aileron action is neces-
sary, no matter what the wing loading or load factor. The desirability of
designing the wing so that the zero point occurs as closely to the cruise speed
as possible, if not precisely at this speed,is obvious. Since so many other
design objectives must be met by the structural engineer, this latter objective

may be difficult to fulfill in practice.

Conclusions

Some unique static aeroelastic problems posed by the asymmetrical sweeping
of a high aspect ratio wing have been examined through the use of a simplified
model. Although the use of such an idealization to represent problems which
are 1ike1y‘to occur in actual aircraft designs and the soiutions to these
problems is an oversimplification, the author nevertheless believes that
several useful conclusions or guidelines may be drawn from this ‘study.

The use of strip theory to represent aerodynamic and ae;oelastic loads
leads to answers which overestimate the amount of aileron input or geometric
twist necessary to ensure lateral equilibrium, particularly at low values of
q*. In addition, the error introduced by strip theory increases as A in-
creases. The simplistic formplas derived from strip theory assumptions thus

givé\tonservative results much  as they do when used in conventional static

aeroelastic stability studies.

e o MR = ET O G i et b e SR
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The results derived through the use of more accurate aerodynamig theory
show that as the paraneter gq* increases, increased demand is made on the method
which guarantees lateral equilibrium. For small values of q* near zero, few
demands are made to guarantee .lateral equilibrium. The parameter q* can be
made small, given a constant operating q, by increasing the clamped divergence
q of the aircraft by one of several conventional methods; these methods include
stiffening the structure or redistributing the wing area so that more of the
area is inboard. For aircraft which are designed in a conventional manner to
the usual strength and stiffness criteria, the amount of modification to pre-
clude the roll problem discussed in this paper is probably minimal. The normal
"droop" of an aircraft wing due to gravity provides some anhedral effect.

Of potential theoretical interest in'the areas discussed in this paper is
the use of structural modifications to further improve static aeroelastic '
performance. Modifications such as asymmetrical wing stiffening or redistri-
bution of wing stiffness to bring the crossover or zero point near to the cruise
q might prove to be woriiwhile. A similar study of the use of various wing
planforms and their relative merits might also be in order.

To summarize, this pruoblem of asymmetrical wing static aeroelastic equili-
brium is one which must certainly be considered by the designers of such an
aircraft. It is likely, nowever, that after all the conventiona]\design cri-
teria are met, this additional unique criteria will cause few, if any,

additional problems for this aircraft configuration.
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TABLE I

* b/ (WZ/ET)  Per cent error in  (p L%/ED)/(WL2/2E1)
(Exact value) approximate value (Exact value)
0.00 0.0750 + 5,33 1.00
0.25 0.0751 +5.19 0.998
0.50 0.0753 + 4.9 0.99
0.75 0.0756 +4.50 0.980
1.00 0.0761 + 3.81 0.964
1.50 0.0776 +1.81 0.916
2.00 0.0797 - 0.878 0.846
2.50 0.0827 - 4.47 0.749
3.00 0.0867 - 8.88 0.6i8
3.50 0.0921 -14.2 0.444
4.00 0.0994 -20.5 0.207°

The approximate value of wo/(NLz/EI) is 0.0790.
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APPENDIX

The analytical expressions for rL(n), rR(n), TL(A), TR(A), UL(A) and
UR(A) used in the body of this paper are presented below. In the region
-1 < n <0, I'(n) is given by:

3
. ] poL
T, (n) = —|—- 88 X
Ln a3[EI O]

e2In) 4 92 (MH0)/2 o5 £(1n)

1 - (A1)
e+ 26255 f
where a = x]/3 and f = a(31/2/2).
In the region 0 < n < 1, T(n) is given by:
1 poL3
TR(H) = ;g “Ei—'+ 860 X
) e2(1n) 4 9ema(1-n)/26 £(1-n) (A2)
e + 2e" 2005
The expressions for TL and TR are given by:
_ e 3/2 _ (o5 f 4 3/ 254 ¢
T = =7 32 (A3)
a (e + 2cos f)
_ /2 s £ - 3V/2 gin f >
TR = "2 32 (A4)
a“(e + 2cos )
The expressions for UL and UR are:
y = Cos f+ 312540 £ - ¢ 3/2 (A5)
L a(e'Ba/2 + 2cos f)
v = Sos f - 3240 £ - 32 (A6)
AN R d(e3a/2 + 2cos f)
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