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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

, EXPERIMENTAL DETERMINATION OF EFFECT OF STRUCTURAL
 RIGIDITY ON ROLLING EFFECTIVENESS OF SOME STRAIGHT AND
SWEPT WINGS AT MACH NUMBERS FROM O.7 TO 1.7

By H. Kurt Strass, E. M. Fields,
and Paul E. Purser

’ : SUMMARY

' The effect of varying the wing structural rigidity on the control
effectiveness of 0.2-chord, plain, faired, full-span ailerons on
untapered wing plan forms having O° and 45  sweep and aspect ratio
of 3.7 has been investigated by the Langley Pilotless Aircraft Research
Division by utilizing rocket-propelled test vehicles.

The results of the tests indicate no radical differences.between
- straight and swept wings in the changes in rolling effectiveness due
to changes in structural rigidity.

The test results compare favorably with results obtained by use of
existing methods of estimating the effects of structural rigidity on
rolling effectiveness for unswept wings (NACA Rep. 799 and NACA TN 1890)
at subsonic and supersonic speeds. As an illustration of the use of the
experimental data, they have been analyzed by the method of NACA Rep. 799
to provide approximate twisting-moment coefficients for an extension of
-that method to transonic speeds and swept wings.

INTRODUCTION

The problem of estimating the rolling power of controls on flexible
wings continually faces the designer. Relatively simple methods for
making such estimations for unswept wings at both subsonic and super-
sonic speeds have been advanced in references 1 to 6. The present
investigation was undertaken to provide a check on these methods in
the speed range where existing aerodynamic theories are applicable and
to obtain data at transonic speeds in order to offer some guide to the
designers now interested in aircraft which are to fly near a Mach number
of 1.
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All of the wings tested were untapered with an aspect ratio of 3.7
and employed full-span plain ailerons. Informstion was obtained for
six values of structural rigidity on unswept wings and five values of
structural rigidity on wings swept back 45°. All of the foregoing
wings employed the NACA 65A009 airfoil section parallel to the model
center line. In addition, two values of structural rigidity were inves-
tigated for unswept wings which employed the NACA 65A003 airfoil section.
The structural rigidity, referred to as "torsional rigidity" throughout
this paper, is the usual torsional rigidity for unswept wings. For
swept wings, however, the torsional rigidity used herein was derived
from torques applied and twists measured in planes parallel to the model
center line and thus includes both bending and torsional stiffness as
. usually defined. All of the data were obtained in free flight from
. rocket-propelled test vehicles by means of the technique described in
reference 7, which permits the evaluation of the rolling power of wing-
aileron configurations continuously over a Mach number range of approxi-
mately 0.7 to 1.7. ‘

SYMBOLS
A . aspect ratio, 3.7 (b2/s)
b diameter of circle swept by wing tips (with regard to rolling

characteristics, this diameter is considered to be -the
effective span of three-fin models), 2.18 feet

S area of two wing panels measured to fuselage center line,
1.29 square feet

c wing chord parallel to model center line, 0.59 foot

M Mach number

m concentrated couple, applied near wing tip in a plane parsllel
to free stream and normal to wing chord plane, foot-pound

P stafic pressure, pounds per square foot

qQ dynamic pressure, pounds'per square foot

) rolling velocity, radians per second

V' flight-path velocity, feet per second

pb/2V wing-tip helix angle, radians
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Section pitching moment)

section pitching-moment coefficient <
qc

de/d6

da,/ad

dcm/d6 . rate of change of section pitching-moment coefficient with
aileron angle per radian

section twisting-moment parameter for constant 1lift

da/d& rate of change of wing angle of attack with aileron angle as
obtained for constant 1ift at section

Bg deflection of each aileron measured in plane perpendicular to
chord plane and parallel to model center line (average for
three wings), degrees

iy average wing incidence for three Qings measured 1n plané of &g
positive when tending to produce clockwise roll as seen from
rear, degrees

A : ratio of tip chord to root chord at model center line
A angle of sweep, degrees
8 angle of twist, produced by m, at any section along wing span

in a plane parallel to free stream and normal to wing-chord
plane, radians

l/mer wing-torsional-stiffness parameter, measured at. exposed
aileron midspan parallel to model center line, radians per
foot-pound (8/m)

p ' mass density of alir, siugs per cubic foot

4 ratio for specific heats for air, 1.40
T derived constant for wing and aileron (see reference 1), 0.585
o) : fraction of rigid-wing rolling effectiveness retained by |
flexible wing
Subscripts:
& altitude
e sea level )
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T reference station (middle of exposed aileron span)
R rigid
Foo flexible

MODELS AND TECHNIQUE

The test vehicles used .in the present investigation are described
in the photograph presented as figure 1 and in the sketch of figure 2.
The exposed wing area was 1.56 square feet, the area of two wings taken
to the center line of the fuselage was 1.29 square feet, and the aspect
ratio A was 3.7. The ailerons were of 0.2 chord and simulated sealed,
faired ailerons in that there was no surface discontinuity at the
aileron hinge axis. The airfoil section parallel to.the model center

-line for all models was either the NACA 65A009 or the NACA 65A003.

The test winés are described in figures 3 and 4. The construction
shown is typical for the 9-percent-thick wings that employed metal
inlays for stiffness. The torsional rigidity of the 9-percent wings
was generally varied by varying the thickness and material of the inlay;
however, in the case of the weakest wings in the series, the metal inlay
was not used and the stiffness was varied by the choice of the wood of
which the wings were constructed. The stiffness of the 3-percent wings
was varied by constructing the wings of solid alumlnum alloy or cold-
rolled steel.

The torsional-stiffness parameters of all the test wings were
obtained by applying a known couple at the wing tip and measuring the
resulting twist along the span. The couple was applied and the twist
was measured in planes parallel to the free stream and normal to the

-wing chord plane. The variation of the torsional-stiffness parame-

ter l/me with spanwise location was linear with spanwise distance out
from the side of the body for all the test wings. Thus the stiffness
for any spanwise station -may be obtained from the value given for the
reference station. A more complete description of the types of con-
struction of the wvarious test wings is given in table I.

The flight tests were made at the Pilotless Aircraft Research
Station, Wallops Island, Va. The test vehicles were propelled by a
two-stage’ rocket-propu151on 'system to & Mach number of about 1.7.
During a 10-second period of coasting flight following rocket-motor
burnout, time histories of the rolling velocity were obtained with
special ‘radio equipment and the flight-path velocity was obtained by
the use of CW Doppler radar. These data, in conjunction with atmos-
pheric data obtained with radiosondes, permit the evaluation of the
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aileron rolling effectiveness in terms of the parameter pb/2V as a

function of Mach number. ;
approximately 3.0 X lO6 at M=0.7T to 7.0xXx 10" at M = 1.7.

The Reynolds number for the tests varied from

ence 7 gives a more complete description of the flight testing

technique. °

.

ACCURACY AND CORRECTIONS

Estimation of the experimental error depends upon the evaluation

of two distinct factors:

The random scatter inherent in the recording
and reduction of the data and the systematic error caused by the limi-

tations in model measuring accuracy. Based upon previous experience,

these factors are estimated to be within the following limits:

Subsonic Supersonic A
Random | Systematic| Total Random| Systematic | Total
pb/2V +0.0020 | i0.0035_ £0.0055| £0.0010| *0.0015 10.0025
M | %0.01 | ------- $0.01 | £0.01 | ------- +0.01

Refer-

The accuracy of Aly (departure from measured values) is iO.O5O; and
that for A@a (departure from measured values) is +0.1°,

Because close tolerances on models of the type used in this inves-
tigation are extremely difficult. to maintain, slight variations from
the nominal values of iy = 0° and Og = 50 are permitted. Since a
method of measuring the important parameters of the test vehicles to
close limits was used, the assumption was made that such discrepancies
would be of small endugh order of magnitude to allow linear correction
of the data to the nominal values. The data were corrected for inci-
dence by use of the following equation which was derived from strip
theory for rigid wings: '

2i
b w [2 + 2\ .
2= 573 <1 5y = 0-02621,

The validity of this correction is demonstrated in figure 5 where the
experimental values of pb/2V obtained for wings similar to those used
in the present investigation are compared with the calculated values.

It will be noted that the agreement is good throughout most of the speed
range, although the variation of pb/2V with Mach number for the unswept
wings shows a fluctuation between M = 0.88 and M =1.05. This sudden
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change in rate of roll has been observed previdusly and is discussed in
reference 8, which presents data that indicate that the magnitude of
the fluctuation is affected by airfoil shape, thickness ratio, and wing

_sweep. A

The corrections for aileron deflection were made by feducing the

data to B§ZEK<
a
All the data. presented have been corrected to nominal incidence and
aileron-setting .values of 0° and 50, respectively. The actual measured
values for the models tested are presented in table I in order to show
the magnitude of such corrections.

and then multiplying by the nominal 8; value of 50.

No attempt was made to correct for the effect of the test-vehicle
moment of inertia about the roll axis on the measured variation of pb/2V
with Mach number since the method of analysis suggested in reference 7
indicated that the magnitude of the correction is small enough not to
affect the conclusions drawn from these data.

RESULTS AND DISCUSSION

Torsional Rigidity

, The term "torsional rigidity" as used in the following discussion
is based on torques applied and twists measured in planes parallel to
the fuselage center line. The values for swept wings therefore include
both the torsional and bending rigidity as usually defined in planes
parallel and perpendicular to the main spar, torsion box, or other
primary wing structure. ' :

Experiﬁental Data '

The data obtained during the present investigation are presented
in figures 6 to 8 as curves of pb/2V against Mach number. The static
pressure existing during each flight is also shown on the figures
as Pa/Po, the ratio of static pressure at the altitude of the test to
standard sea-level static pressure (2116 lbs/sq ft). The data are pre-
sented as separate plots for duplicate models of each configuration in
order to show the agreement obtained with supposedly identical models.

Figure 6 presents the data for the unswept 9-percent-thick wings; fig-

ure T, the 45° sweptback 9-percent wings; and figure 8, the unswept
3-percent wings.

Because different atmospheric conditions prevailed for the various
tests and because the data were obtained over an altitude range of
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approximately 10,000 feet, it was necessary to correct all of the
rolling-effectiveness data to standard sea-level conditions to provide
an adequate basis for comparison. This correction was made by plot-
ting pb/2V as a function of the torsional-stiffness criterion 1/mg,

at constant Mach number and extrapolating to 5%— = 0 Dby use of the

r
method of least squares to obtain consistent values of pb/QV for the
infinitely rigid wing. It was assumed that the rolling effectiveness
of a rigid wing would be unaffected by a change in altitude and that
the loss in rolling effectiveness due to wing twisting at constant Mach
number would be proportional to the static pressure. The assumed rela-
tionships can be stated as follows:

m = Kg =K % PM°2 (1)

where K 1is an arbitrary constant and m 1s the aerodynamic twisting
moment. ‘

At the same Mach number:

TN
N
e
~—

e}
I
~

b
B2 (3)
8 o]

l:pb/QV R - (pb/2V) ] .
[(eo/2V), - pb/e\')j )

P

m, P :

&

o
—
=

(n_b) =(93‘_P_o )
2Vlp Vg Pa |\2V/g

] (pz)]
v

Fla

The corrected daté are presented in figure 9 and shéw the effect of
decreasing wing torsional rigidity on the variation of rolling effective-
ness with Mach number at sea level. Averaged data are presented for the
cases where duplicate test vehicles were flown. It should be noted that
the models with the most flexible wings in both the swept and unswept
series would roll against the applied control rolling moment throughout
the entire supersonic speed range tested.
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Figure 10 presents the data shown in figure 9 cross-plotted and

" expressed in ratio form to show the relative loss in control effective-

ness with decreasing torsional rigidity at constant values of Mach
number,

Comparison of Theory and Experiment

Because of the linear nature of the curves in figure 10, the infor-
mation presented therein can be given by a plot of the slopes of the

curves _15%9__5 for each angle of sweep and airfoil section against
mg..

Mach number. These curves are presented in figure 11 together with the
corresponding theoretical curves for the unswept wing. The subsonic
theoretical values were calculated by use of the method described in
reference 1 and the supersonic values according to references 2 to k.
The second-order correction for trailling-edge angle from reference 2

. was replaced by the corresponding third-order factor from reference 3.

This procedure was recommended by the authors of references 2 and 3.

The data shown in figure 11 indicate little effect of airfoil
section on the rate of change of loss in relative rolling effectiveness

—do
( /mer) :
theory show an effect of airfoll section (trailing-edge angle) at super-
sonic speeds, but the differences between the experimental and theoreti-
cal values are relatively small, 5 to 10 percent at M< 1.5, The
experimental data also indicate that the effects of sweep on the wvalue

of de are not great. The effect of 45° of sweepback on
d lﬁner)

with change in'torsional rigidity The values calculated from

—do varies from zero at M 0.7 to a 20-percent reduction
[
at M= 1.5.

Figure 12 demonstrates how the experimentally determined variation
of pb/2V against Mach number compares with that of theory for selected
values of torsional rigidity for the unswept NACA 65A009 wings. A
similar comparison is presented for the NACA 65A003 wings in flgure 13
A lifting-surface-theory correction from reference 5 was applied to the
subsonic theoretical values for the rigid wings. This corrected rigid-
wing value was then used in the computation of the flexible-wing rolling
effectiveness. The generally good agreement between theory and experi-
nlent is encouraging in that it shows that the theory predicts equally
well both the control effectiveness for the rigid wing and the loss due
to flexibility.
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Transonic Rolling Performance

The agreement of the experimental data with estimates based on
references 1 to 5 indicates that losses in aileron performance can be
predicted at subsonic and supersonic speeds with satisfactory accuracy
for most purposes. This statement implies, of course, that in regions
where the aerodynamic coefficients are known the effects of structural
flexibility can be satisfactorily estimated. It should be possible),
therefore, to utilize the observed losses in rolling performance and
the known structural properties of the test wings to determine the aero-
dynamic twisting moments upon which the losses depend. This procedure
should then provide useful data for the transonic speed range where the
greatest lack of such data now exists. "

As an examble, the method of reference 1 has been used to obtain
twisting moments from the present data because of the ease and rapidity
with which this method may be applied.

Equafion (1) of reference 1 was rewritten in the form '
= L1- 6
= (-0 (6)

. dcm/d6 "
in order to obtain effective values for 55755_ which are considered

proportional to the twisting moments acting on the wing. The compres-

sibility factor Q:é&::;. has been omitted from equation (6) since its
1-M

use was recommended in reference 1 only where data at the Mach number of

interest were not available. The values of A, b, and mg,. are the

aspect ratio, span, and stiffness of the test wings. The value of ¢

is the dynamic pressure at sea level and values of @, the rolling-loss

ratio at sea level, were obtained from figure 10. The value T. is'a

derived geometric and aerodynamic constant for the test wings and was

obtained by a small extrapolation from the charts of reference 1.

5 : .
.Values of gcmdg determined from the experimental data by use of
o}

equation (6) are presented in figure 14 for the Mach number range from
dcp,/ad
da,/dd ,
from linear theory to indicate the agreement of theory and experiment
in the Mach number range where the theory is considered applicable.

0.7 to 1.6. Also shown in figure 14 are values of - calculated

The data in figure 14 indicate that in the transonic range a reduc-
tion in wing thickness decreased the abruptness of the variation with
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d.Cm dd

ol and sweeping the wing back 45° reduced the

Mach number of
twisting moments by about 20 percent.

The agreement of these pitching-moment data with other experimental
data (reference 9, for instance) is about as good as the agreement with
the theoretical values in the range where the linear theory is appli-
cable, This fact indicates, therefore, that obtaining twisting momehts
from experimental rolling-loss data 1s a promising procedure and should
be pursued further in order to investigate more fully the effects of
such variables as airfoil section and sweep.

CONCLUSIONS

An investigation of the effect of structural rigidity on the con-
trol effectiveness of 0.2-chord, plain, faired, full-span ailerons on
untapered wing plan forms having 0° and 450 sweep and aspect ratio 3.7
gave the following conclusions: .

1. No radical differences existed between the rate of change of
relative rolling effectiveness with changes in structural rigidity for
the straight and swept wings tested.

2. For unswept wings the existing methods and aerodynamic theories
for estimating the loss In control effectiveness due to wing twisting
are probably satisfactory for most purposes for both subsonic and super-
sonic speeds with the exception of the Mach number range between 0.9
and 1.2.

3. For swept wings and for straight wings at transonic speeds,
twisting moments may be evaluated from these test data for use with
existing methods of estimating the loss in rolling effectiveness due
to wing twist.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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TABLE I
' DESCRIPTION OF INDIVIDUAL TEST MODELS
NACA i 5
l/mer (dg ) airfoil|Model (d: ) (d: ) Type of construction
&/l section| g_ &
_ 1 |-0.20| 5.6 i
1.7 x 107 o |658009 2 | .o7l5.1 o'?i?&iﬁ'ciﬁieitiﬁia”'
3 0k| 5.7
2.6 0 65A009 1 -.Ol‘l- )4-.9 0.0lO-in. steel inlay,
2| -.08| k.9 spruce core stock
0.016-in, aluminum inlay,
k.1 0 | 654009 1| -.07| .8 spruce core stock
9.6 o |654009 1 4.9 [501id4 leminated beech
- 2| -.09| 5.0
15.0 0 | 654009 1| -.06] 5.5 |Solid laminated white pine
15.9 0 |654A009. 1| -.07T| 5.2 |Solid.laminated white pine
1| -.20| 5.3 [0.020-in. steel inlay,
3.5 45 654009 {é -.201 5.3 spruce core stock
‘ .. 0.010-in. steel inlay,
4.5 45 654009 1 06 b7 spruce core stock
1| -.03]5.2 [0.016-in. aluminum inlay
6.5 45 65A009A {é -.11§ 5.1 spruce core stock '
12.4 45 | 654009 1 .05| 5.3 |Solid laminated beech
23.7 45 1654009 1 181 5.6 15114 laminated white pine
2 171 5.0 ‘
4.7 0 |65A003 1 | -.24| 5.5 |Solid steel
14,7 0 |65A003 1 | -.06|L4.9 |Solid aluminum alloy
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_NACA

A

1L-60913,1

Figure 1.- Typical test model.
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IWings - spaced equally 7
(

/‘/?ockef. motor

— ——t — —_—

~—/7.// "—o

1"

p— /3. ]| ——>

Figure 2.- Sketch of vehicle showing location of test wings and the
geometric characteristics of models.
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= g
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.;_(a) Exposed wing panel.

%/ C-t«A— Extent of metal Inlay

NACA RM 1L50G1l4b

\

-8¢C

-C

(b) Typical section.

Figure 3.- Description of unswept test wings.
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n - 7.07
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Metal intay
Hinge ax/s
wood core

L‘\45 B

106/ "

(a) Exposed wing panel.

__,/c.'_‘_[ xtent of metal )’n/aq 5.’

‘ f
-.8C
c

(b) Typical section.

Figure 4.~ Description of swept test wings.
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9, 1 L I——T'__lTlhe.oln/ L ! !
.6 b VA2 Lé L4 /6

O4 —

po2V oz
B | Experiment
O | | T A |
.6 .8 Lo 12 [ l&
. ' M . TNNAcA '
(b) A =0% L2 - 1.7 %107,
mer

Figure 5.- Comparison between theoretical and experimental yé.lues of pb/2v
due to incidence. &, = 0°; NACA 65A009 airfoil section.
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Figure 6.- Variation of pressure ratio and rolling effectiveness with Mach
. number. A = 09 8 =5.0; 1, = 0°; NACA 65A009 airfoil section.
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Figure 6.- Continued.-
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Figure 6.- Continued.
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Figure 6.- Continued.

CONF IDENTTAL



23

NACA RM L50G1u4b CONFIDENTIAL
/.0
/
g //
/
/.

/”a//’o & //,

.7
.6 |
6 & /0 4 /¥ /6 /5
N
.08
_ ~
04 \
,ob/Zl/
AR
-04 L1
.6 & 10 /1L /4 /6 /&
V. 74

() -+ =15.0x10".

mer

L

Figure 6.- Continued.

CONF IDENTTIAL



2k CONFIDENTIAL N NACA RM L50G14b

/1.0
_—T
.9 :
——
o
pa/Po & v
/// .
7
.6
& & /.0 /.Z /4 /.6 /&
N
08
T~
0# I
pb/ZV \
gt W B s e
|
—'.04 _ 1 i
.6 & VA 12 /4 /16 18
V. %4
(£) L -15.9 x 107+,
mer

Figure 6.- Concluded.
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Figure 7.- Variation of pressure ratio and rolling effectiveness with Mach
number. A = 45°%; 8, = 5.09; i, = 0°; NACA 65A009 airfoil section.
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| CONFIDENTIAL



30 CONFIDENTIAL | NACA RM L50G1kb

/0
.9
//
pa/po &8 : . /,/
| ////
7 ' ,'/
6
p & /0 /2 /4 /6 /8
N
/2
| .08 N
pbI2V \\
% o4 N
<
~|_ |
0 A L A
6 .8 10 /2 /4 /6 /8
N7
L1 - u7x 10°h,
(a) R, T x

Figure 8.- Variation of pressure ratio, total-drag coeffic"ient, and rolling
- effectiveness with Mach number. A = 09; By = 5.00; iy ='O°; NACA 65A003
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(a) NACA 65A009 airfoil section. -

- Figure 9.- Effect of decreasing wing torsional rigidity on the variation of

rolling effectiveness with Mach number. Corrected to sea-level
conditions. &, =5.0%; i, = 0°.
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CONF IDENTTAL

33
12
08 SRS . %(exfmp)
ob/2Y ~ | ™\ - 6.5
NERNN
04 AN BN A
o
N=45°
—‘M
12
Imex 107
.08 ) T /07 (exrrap.)
pb/ev N 4./
| | -— /5,0
04 s
\ ) )
\W/ \ \“*K:‘::~__. =
0 ‘\‘}\\ 11
]
A=0° g
=04 ' \?é%j '
6 38 10 E 14 6 18
M



c CONFIDENTIAL NACA RM L50G1kb

A2 =
T //}779 X/0 |
| — TN Oextrap )
.08 B M N \_|————— 4
| \\\\\ . j M/
. \\\
0 AL
. o \N\.-‘_\b—
A=0° ~w%
~04 V ik ‘ . ‘
© .8 1O 1.2 14 .6 &
M

(b) NACA 65A003 airfoil section.

Figure 9.- Concluded.
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(a) NACA 65A009 airfoil section.
Figure 10.- Effect of increasing Mach number on‘the variatibn of the

flexible wing-rolling-effectiveness parameter with decreasing wing
torsional rigidity. Corrected to sea-level conditions.
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Figure 12.- Comparison between theory and experiment of pb/2V aé a
function of Mach number. A = 09; 85 = 5.0°; i, = 0°; NACA 65A009
airfoil section. Corrected to sea-level conditions.

CONF IDENTTIAL



NACA RM L50G14b CONFIDENTIAL _ ‘39

N7
+—T ——— Experiment
B N |=——-Theor
o ITT T \\//}776;,,:0/6’1 rapolated)
Yo)/4/4 u
oLy N
o4 _ SN —
0
/2 ‘
—— Experiment
| N ~-———Theory
A 08 bt \\\ Yijg,= 47x10"%
po/2Y N
o || N
o
08
| N | ———Experiment
RN , ————Theory -
A R z -
O > //”797 4./ x /0
pb/2YV N
N
04 i : i
T 6 8 10 L2 14 /6 /.8
M ~

Figure 13.- Comparison between theory and experiment of pb/2V as a
function of Mach number. A = 0% & = 5.0° i, = 09; NACA 65A003
airfoil section. Corrected to sea-level conditions.
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Figure 1h.- Variafion with Mach number of the effective twisting-moment
coefficient evaluated from the experimental rolling-loss data.
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