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Introduction

One of the important static stability
characteristics of a sailplane is the
elevator angle required to trim #; and
its dependence on speed U. A typical
example of this function is shown in
Fig. 1. As we know in the case of neu-
tral static stability of the sailplane, the
same elevator setting is required to
trim for all flight velocities.
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Elevator angle to trim

From flight tests made for many con-
temporary sailplanes the shape the
elevator angle to trim versus velocity
curve usually differs greatly from the
theoretical one obtained [1] for a rigid
sailplane. This indicates that a more
exact analysis of this problem which
takes into account the effects of
aeroelasticity is required.

The elevator angle to trim depends on
the incidence of the tailplane and
force required to trim the sailplane.
The change of drag forces due to elas-
tic deflections of the sailplane is small
and its influence on the pitching mo-
ment of the aerodynamic forces about
the centre of gravity of the structure
(c. g.) can be neglected. Then the

change (Ly) due to elastic deforma-
tions, of the lift (Lt) at the tail will
depend only on the aerodynamic span
load distribution due to wing distor-
tions. This influence exists only for
swept wings. For wings whose line of
aerodynamic centers is perpendicular
to the flight direction the moment of
the aerodynamic forces of the wing
about the c. g. of the sailplane depend
only on the total lift but not on the lift
distribution along the span.

The angle of attack of the tail «tis
determined by the incidence of the
wing a, the downwash angle at the
tail £ and the tailplane setting iy rela-
tive to the zero lift line of the wing

(Fig. 2).
(1) aT=0+iT—¢

In the case of an all-moving tailplane,
it denotes the setting of the zero lift
line of the tailplane. For an elastic
sailplane each of the terms appearing
in eq. (1) is a sum of two components,

one corresponding to the rigid struc-
ture (denoted below by the subscript
“r"”) and the second to the increment
due to elastic distortion (denoted be-
low by the subscript “e”). In this case
the angle a, should be taken as the
angle of attack of the cross section of
the wing in the plane of symmetry, and
along the span we have

(2 a(y)=a"(y)+a=%(y) and

(2a )a®(y)=ag+e(y)

where «§ defines the change of this
angle in the cross sectiony = 0 (that
is the change of fuselage inclination
relative to the flight path) and @ (y)
denotes the elastic twist of the wing.
The change i is due to tailplane tor-
sion and fuselage bending produced
by the lift on the tail. The downwash
angle & (y) =" (y) +&°(y)

describes the aerodynamic interfer-
ence between wing and tail and °(y)
due to the change of lift distribution
on the wing corresponding to «° (y).
In the present analysis, the effect of
fuselage bending and tailplane torsion
will be neglected and only the case of
a straight wing (without sweep) when
the total lift on the wing (Ly = L}y + L)
and on the tail (Ly=L7+L7)

do not change by the elastic distortion
of the sailplane will be considered.
The sailplane velocity and (small) an-
gle of flight path will be assumed as
being constant. Thus the following
conditions must be satisfied:

(3) Ly=0 L$=0
The first of these expressions is used

to calculate o¢ and the second will be
used to determine the change of the

Fig.2
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of aerodynamic influence coefficients.
In the illustrative example of calcula-
tions presented below, the matrix [A]
has been obtained by the collocation
(Glauert) method, using the series

8) cciy) =)12-y? an, u. ()
=

M
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where a;(r =0, 2, 4,...) are constant
coefficients and U, are the Tchebysheff
polynomials of the second kind and

of order r. Because of the symmetry of
the wing loading only coefficients with
even subscripts appear in the series
(8) however the number of terms of
this sum is equal to the number of ele-
ments of the column matrix.

Using the Gauss-Multhopp quadrature
formula for the evaluation of the defi-
nite integral in (4) we obtain from (3)
and (4) a system of algebraic equa-
tions for the determination

elevator angle to trim due to wing dis-

tortion. case

(7) Afee;) = cc,(y) +1_ :‘i(ccl) dn
Torsional wing deflection SLigly) pOx W8 y=n
From (3) it is possible to obtain the lift
distribution on the wing and the inci-
dence angle «¢ using the elastic equi-
librium equation for the wing only.
This method is well known and pre-
cisely discussed for example in [2] but
for convenience the most important
steps will be briefly recalled.
Denoting the dynamic pressure by q,
wing section lift coefficient by c; (y)
and wing torsion flexibility influence
function by C€€ (y, n)
using the notation given in Fig. 3 we
obtain the following equation

{cc}and {a°}

the itegro-differential operator .4 can
be replaced by one square matrix [A]

{cci} and «§

[
where [E] = [C9€] [e] [W] and [w]

is the diagonal weighting matrix for
Multhopp’s quadrature.

gives sufficient accuracy and in this

Using in the numerical calculations
sets of numerical values of functions
given in the form of column matrices

The downwash at the tail

For the evaluation of the downwash
angle ¢ (and ¢') it was assumed that
the vortex sheet behind wing is flat
and the downwash was calculated in
its plane (z = 0) at a point with coor-
dinates (x,y) (Fig. 4).

(4) s(v)-qfcss(v. n) e (1) cct (1) dn 4 (a) . d'z
where \ TN y%
' +
(5) ’(Y)"qafcea(‘l-'l)[cm,“:c’(’l)ﬂ(n)cci(rr)]dn+ r " ‘P
+a['CG‘-'(v,q)[d(-p)-e(-p)]m(n)dn
’ X

is the angle of twist due to the loads
acting on the rigid wing.

The distribution of cc§ is connected
with the incidence distribution «.° by
the relation

(6) a® (y) = A (ccf)

where A denotes the aerodynamic
operator of the wing whose form de-
pends on the assumed aerodynamic
theory. For sailplane wings with high
aspect-ratio, Prandtls lifting line theory
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The velocity induced by the bound ve-
locity with intensity '(n) is

+1

r'(n)dn
00 =~z | s ayay

and the velocity induced by the free
vorticity is

d¢

+1 oo

1 [dr :

wa (x,y) = —4—,'" Te (vﬂv).’ G EEEE
-1 1]

After addition of both terms and sim-

ple transformation we obtain
(10) w(xy) “’"“J :—y'g"'";— L(y. n)—drr
-1 -1
where
/ 1+ ﬂ 1
(10a) vy =|’ (vf”] (lim L (y,n) = 0)

=y

The circulation I"(n) is connected with
cc! (n) by the relation

(11) r(n) =% cci(n)

The downwash angle at the tail can be
calculated using in (10) for x the dis-
tance xt between aerodynamic cen-
ters of wing and tailplane

W (Xp,Y)

(12) s (y) =——4

After substitution of the series (8) in
(10) we can evaluate the first integral
analytically, and the second one by
using the n point Gauss-Mehler's quad-
rature [3]. Wherefrom we obtain

(13)  cO-ZENUE-EELT 6,
where T, is the Tchebysheff polynomi-
al of the first kind and of order r.
Knowing the matrix {cc|} we can ob-
tain the coefficients a, from (8). In

this way we obtain finally the matrix
[Awt] of aerodynamic wing-tail influ-
ence coefficients. Using it we can
compute the downwash angle as fol-

lows
{e}=

(14)

The values of ccf in the admissible
flight velocity range are usually small-
er than cc}, however £° can be
greater than &' because the downwash

is determined by the derivative d(CC).
n

[Awrl{cci}

The elevator angle to trim

The increment of elevator angle due to
wing flexibility can be calculated from
the condition (3):

(3a) zL§= chc,T(y)dy 0

where |1 denotes the semi-span of the
tailplane and crcf; the product of
tailplane chord and tail lift coefficient
connected with the angles «%, 7§ and
B° by the tailplane aerodynamic oper-
ator .4 ; similarly to the wing operator
A@)

(15) = Ar (crefy)

where &% is an equivalent angle of at-
tack which takes into account the ele-
vator angle.
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6Je Torsional stiffness distribution
m - Mass distribution

When the elevator is fitted with a
geared tab and the gear ratio is k:

p=knt
then
(16)
s C[,, +kC|ﬁT
oLT=0t-?+———c nt=ai+ant
lcx.l.
where
a¢C aC|t 2Ciy
Cj,, . =— Clg_.=——and cjg_=——7+
L) NPT T LS P

are the derivatives for two-dimensional
flow. The coefficient ¢, g, is not equal
to zero only along the tab span. We
evaluate the integrol (3a) by Multhopp’s
quadrature with the weighting

matrix [Wr] and substituting (15), (16)
and (1) we obtain

{8 =3 {1}~ [Awr] {cct} -+ n3 (&) = [Ad] {erol}

[ IWad [A] 7 (25 {1} - [Awr] {eci} + i a}) =0

and

which yield the following expression
for the elastic contribution to the ele-
vator angle to trim

_ LWl (A (28 {1 = [Awr] {ect})

(17) T TAT @

The corresponding equation for the
rigid wing can be written as follows

L1 ] EWe] [A " (= {1} + in {1}~ [Awr] {eci} + 17 () = Ly

e L1) W] (A (s 1} + {
L= 1] Wil [A (=50 |T{1} [Awr] {eci})
(18) - **T (1 TW AT 43

To take into account the effect of fuse-
lage deflection we must add an addi-
tional term if {1} in the parenthesis of
an.

Example of calculations

The method of analysis indicated
above has been applied to a contem-
porary high-performance sailplane
which has a maximum speed of

300 km/h and the following essential
data:

Wing span — 19.0 m. Wing area

15.7 m2 Aspect ratio 23. Tailplane span
3.6 m. Distance between the aerody-
namic center axes of wing and tailplane
4.32 m. The sailplane has an all-mov-
ing tailplane with geared tab. The tab
span is 1.88 m and the gear ratio k =
2.1. The torsional rigidy and mass dis-
tribution along the semi-span of the
wing are given in Fig. 5. Results ob-
tained correspond to flight at altitude
of 1 km and 3 values of all-up weight
W = 405, 440, and 460 kg and corre-
sponding c. g. locations of the sail-
plane.

The typical variation with flight speed
of the change of fuselage inclination
angle o and downwash angle at the
tail £° due to elastic distortion of the
wing is shown in Fig. 6. For compari-
son the downwash angle for a rigid
sailplane is also given on Fig. 6. The
angle «§ shows the direct effect of
wing twist and although in the speed
range considered its absolute value is
small, the lift distribution on the elas-
tic wing differs greatly from the lift
distribution on the rigid wing. The ef-
fect of this change of lift distribution
is the change in aerodynamic interfer-
ence between wing and tail expressed



X \\
H \ L
™ [z
+0,010 \\ /]
& a
\\\ y /
N
3| S
% L~ /)/\‘.‘\ ?f-_//
: " B
8902, /1/ e
/
o L% T m mi  m  am
B A
Fg.ﬁ o
th th el i '
e T t:qfu‘m.’teo o e - —

by the downwash at the tail. Only the
downwash angle in the plane of sym-
metry of the sailplane is given on
Fig. 6 but the calculations show that
the variation of this angle along the
tailplane span is small.

For high speeds, the change of down-
wash due to wing torsion is greater
than the downwash of the rigid wing.
This results from the fact, that the
shape of the lift curve for the rigid
wing is smoother than for the elastic
wing. Neglecting the variation of

downwash angle along the tailplane
span and the effect of the tab, the dis-
tance between the ordinates «g and
&® expresses roughly the increment of
the elevator angle to trim due to elas-
ticity. As can be seen from the dia-
gram, for the example treated in the
whole speed range, the change of
downwash angle is approximatively
proportional to the change of inclina-
tion of the fuselage. Because the ab-
solute value of «§ is greater than the
absolute value of ¢° and its influence
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Elevator angle to trim

on the change of the elevator angle to
trim, as results from (1), is opposite,
hence the direct influence of the wing
twist is predominant and the down-
wash due to wing torsion reduces this
effect.

As the aim of analysis given is the
investigation of the influence of wing
flexibility only, the influence of fuse-
lage flexibility is not considered here.
However it should be mentioned that
for high speeds, the tailplane lift is
negative and is of the order of sixty
and more kilograms. This produces an
increment of tail setting relative to
wing. Therefore this increases the un-
favorable aeroelastic effects at the
tailplane because the angle «.g and ir
appear in eq. (1) with the same sign.
The variation with speed of the eleva-
tor angle to trim for the example treat-
ed and three all up weights is shown
in Fig. 7. For comparison the curves
obtained assuming a rigid structure
are also given. It is seen from the dia-
grams that for high speeds the slope
of the curves becomes negative and
this can cause trimming difficulty be-
cause the elevator angle to trim has to
be reduced for an increase in speed. It
should be mentioned that the diver-
gence speed of this sailplane is about
660 km/h, which is much higher than
the speed range considered, where
already the effects of aeroelasticity are
important.

The results obtained for one chosen
example have been discussed and it
cannot be deduced that this applies to
all other sailplanes. It can be said,
however, that for contemporary high-
performance sailplanes with high de-
sign speeds, the effects of aeroelas-
ticity must be taken into account not
only by considering the dynamic ef-
fects (for example the flutter analysis)
but also by considering the static sta-
bility and manoeuvrability.
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