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RESEARCH MEMORANDTM

A FLIGHT INVESTIGATION AND ANALYSIS OF THE LATERAL-
OSCILLATION CHARACTERISTICS OF AN AIRPLANE

By Carl J. Stough and William M. Keuffman

SUMMARY

Flight tests were conduoted and an analysis made to determine
the causes of undesirsble dynemioc lateral-stability ocharscteristiocs
of an airplsne. Various rudder modifications were flight tested
with the rudder free and fixed over an indicated airspeed range
from approximately 200 to 450 miles per hour. Rudder-hinge-moment
and other pertinent data were cbtained by flight and wind-tunnel
tests.

The oscillation period and time required to damp to one~half
amplitude measured in flight are compared with cealculated curves
in which these characteristics are given as functions of the impor-
tant rudder hinge-moment parameters.

An analysis of the data showed that there were no aignificant
changes in the basic rudder-fixed stability derivetives with indi-
- cated airspeed, and the rudder-fixed damping characteristics were
predictable with sufficient accuracy if the product-of-inertia
terms were considered.

Freeing the rudder brought about a reduction in the damping
of the oscillation at low speed; this i1s attributed to the low
negative rate of change of rudder hinge-moment coefficient with
rudder deflection and a negetive rate of change of rudder hinge-
moment coefficient with angle of sideslip. The further deteriora=
tion with indicated airspeed is attributable to the effects of
Mach number and rudder-tab defleotion on these hinge-moment param- -
eters.
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INTRODUCTION

A number of military airplanes recently have exhibited poor
lateral-oscillation characteristics in high-speed flight. The
objectionable motions of the airplane in yaw usually are charac-
terized by constant-amplitude oscillations or by poor damping in
conjunction with a short period. In an effort to determine the
causes of these phenomens, the Ames Aeronautical Laboratory has
conducted a detailed investigation of the dynamic lateral-stability
characteristics of an airplane for which undesirsble oscillatory
behavior at high airspeeds had been reported.

At the outset of an investigation of this type there always
exists the question of whether the undesirable damping character=-
istics are due to the basic static-stability derivatives (control
fixed)}, the hinge-moment parameters of the control surfaces (con-
trol free), or random separation phenomena. It was therefore con-
venient to isolate the effect of rudder freedom by determining first
the dynamioc-stability charscteristics with the rudder fixed. These
characteristics, which depend primarily on the combination of basio
airplane mass and stability parameters, were then analyzed by means
of the classic rudder-fixed linearized equations of motione. The
effeocts of rudder freedom, which are functions primarily of the rud-
der mass and hinge-moment derivatives, were determined and then con=
sidered as additional factors or increments which modify the basic
rudder-fixed characteristics.

SYMBOLS

The symbols used in this report ere defined in Appendix A.

DESCRIPTION OF AIRPLANE AND INSTRUMENTATION

The sirplane on whioh the tests discussed herein were conducted
wes a conventional single-engine low-wing attack airplane., A photo-
greph of the airplane as instrumented for flight and a three-view
drawing are presented in figures 1 and 2, respectively. Pertinent
physical characteristics of the airplane are given in Appendix B,

During the tests the following rudder configurations were
tested:

1. Original rudder (fig. 3)
2. Original rudder with trailing-edge bulb on trim tab, as
used on production version of the airplane (fig. 4)

iy e
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Se Original rudder with upper horn balance area removed
. fige. 5)
4, Original rudder with deboost tab (trim tab connected to
give deboost motion of 1° of tab for 2° of rudder)

Standard NACA recording instruments wers used to record the
various quantlties presented in this report. The rudder-position
recorder, which was conmnected directly to the bottom of the rudder
structure, permitted evaluation of the rudder sngle to within +0.1°

TESIS
Flight Tests

Flight tests were made to determine the lateral-cscillation
characteristios of the alrplane with the various rudder modificetions.
The tests were performed in the 4,000~ to 10,000-foot pressure-altitude
range in the power-on clean configuration at various indicated air-
speeds from approximately 200 to 450 miles per hour. The tests were
conducted with a normal center-of-gravity location and with no external
stores attached.

Prior to each test run the sirplane was trimmed (zero control
force) in steady, straight, wings-level flight. The oscillations were
initiated by release of the rudder control while the airplane was at
& moderate angle of sldeslip. The instruments were started just be-

- fore the release of the rudder and left on until the oscillations had
completely damped or until approximately 6 cycles were completed.

For the rudder-free test the pilot kept his feet clear of the rudder
controls until completion of the rume. For the rudder=locked test the
pilot released a locking pin while in the steady sideslip, and the pin
engaged and locked the rudder when it passed through trim position.
This locking mechanism is ghown in figure 6. The ailerons, whether
returned to their trim position and held or left free toc oscillate,
had no noticeable effect on the yawing motion of the airplane.

Tests in the Ames 40« by 80-Foot Wind Tunnel

Power-off tests were made in the Ames 40- by 80-foot wind tumnel
on the test airplane to determine the rate of change of rudder hinge-
moment coefflclent with rudder deflection Chsy under conditions simi-
lar to those of the lateral-cscillation flights. The tests were made
ot an indicated airspeed of 203 miles per hour at zero yaw with various

' rudder trim-tab settings. Both the originsl rudder ard the original
- rudder with the trailing-edge bulb were investigated. These deta are


http://www.abbottaerospace.com/technical-library

Security Classification of Thiswdeporirdiss=BeerreCancelled

4 i . RACA RM Fo. A7LS1

pregsented in figure 7. Values of the rete of change of hinge-
moment coefficient with angle of sideslip Cpg of =0.038 per radian
for the original rudder and =0.045 per radian for the trailing-edge
bulb modifioation were then derived from steady-sideslip data
obtained in flight.

Tests in the Ames 7~ by 1l0=Foot Wind Tunnel

. A O¢17=scale powered model of the airplane was tested in the
Ames 7= by 1l0«foot wind tunnel No. 2 to determine the aerodynamio
characteristics of the model. The rudder used in these tests wes
similar to the original rudder configuration of the test airplems,
except the rudder tabs were not adjustable.

The basioc aerodynamio parameters obtained from these tests and
those estimated by the methods of reference 1 are as follows:

c [ ] ® & e e L ] L ] L] ¢ @ - o ) [ [ ) Y

U =043 an 0,007
c IT' ¢ o0t 00 0.05 ano ¢ @ & o o o O. 132
C'Lﬂ. e oo o o o =008 cnr‘ e e e 0 o & =0s160

CYB.oooooo =0.802

RESULTS AND DISCUSSION

Figure 8 presents typical time histories of the rudder motion
and yawing velocities after a disturbance in yaw for various rudder-
control procedures. This figure shows that a rudder-free condition
existed even though the pilot attempted to hold the pedals fixed.
The movement of the rudder with pedals fixed, though small in magni-
tude (approximately $0.3° maximum), had an important influence on
the demping characteristics of the sirplane. The results obtained
with this procedure were inconsistent, and are not readily suscep-
tible to analysis by dynamic-stability theory. For the first phase
of the investigation, this procedure therefore was discarded in
favor of the one in which the rudder waa definitely fixed by means
of the rudder lock. The characteristics with the rudder-free pro-
cedure are considered as the second phase of the investigation.

Rudder-Fixed Charscteristics

The results of the rudder-fixed oscillation flight tests are
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summarized in figure 9, in which periocd P, time to damp to one=-
N half amplitude T1, and cycles to demp ta cne~helf emplitude

are plotted as a ction of indicated esirspeed. Plotted on this
seme figure for the purpose of comparison are the computed values!
of the three parameters at an airspeed of 210 miles per hour and
an extrapolation of these characteristies to higher speeds based
on the assumption of a constent value of the stability derivetives
throughout the speed range.

In view of the deterioration in damping =t higher speeds,
observed with rudder free (to be discussed later), it was considered
possible that there might be & significant Mach number effect on the
stgbility derivatives. The fact that this is not so over the Mach
number renge of the flight tests with regsrd to any of the stabil-
ity derivatives which affect the rudder-locked oscillation is shown
by the compariason of tha variation of the experimental and theoret=
ical charaecteristics with eirspeed in figure 9. The inverse varia=
tion of P and T% with speed and the constant value of G%
shown in this figure is in accordance with the control-locked stabil=-
ity equations for a constant value of the stebility derivatives.

The correspondence between the experimentel and predicted oscilla=-
tion characteristics over the range of the tests is considered to be
within the experimental accurascy, sn indication that the assumption
of & constent value of the stebility derivetives over the Mach
number range was a sound one and that there are.no umnaccounted
factors affecting the oscillation characteristics with rudder fixed.
FProm this it is concluded that the poor damping characteristics of

" the test airplane arise from the rudder hinge-moment characteristics.

1Tn most theoretical investigations, the effect of the product-of-
inertia terms resulting from the inclinetion of the prineipal
longitudinal axis of the airplane has been considered small,
However, Sternfleld recently hes shown in reference 2 that neg-
lect of these terms can lead to considerable error in the pre-
diction of the oscilletory divergency boundaries for modern air-
planes. Computations for the test airplane based on the equations
of reference 3, which include the effect of the product-of=-inertia
terms, give the wvalue of 0,756 for C) shown in figure 9. A
vaelue of 0.67 wes calculated by the method of reference 4 which
neglects these terms. Inclusion of the product-of-inertia terms
had negligible effect on the computed period for the test airplane.
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Rudder~Free Characteristics

During the rudder=-free flight tests, three types of yawing
oscillations were encountered. These oscillations have been termed
completely damped, incompletely demped, and increasing amplitude.
Typiocal yawing~velooity records of these types are presented in
figure 10. The demping characteristics derived from records of
this type for the various rudder modifications are summarized in
figure 1ll.

In order to compare the experimental results with those predic-
ted from the values of the rudder hinge-moment parameters produced
by the various rudder modifications, the variation of the damping
characteristics of the test airplane for a range of values of C

and Chg has been computed by the basic method of reference 4,2

Figure 12 shows the boundaries for the various typea of lateral
oscillation and figure 13 shows the variation of the period and
cycles to damp to one-half amplitude computed by this method.

The values of Cphs and Chg at & speed of 203 miles per hour
were available from the 40- by 80«=foot wind-tunnel tests and the
flight tests for the original rudder and for the original rudder with
& trailing-edge bulb. Application of these data at the tab setting
used in flight for the wings level, trimmed condition (2.2° left for
the original rudder and 0.8° left for the original rudder with trail-
ing-edge bulb) results in the following comparison between the pre-
dicted and measured oscillation charsascteristios.

Predicted from
Flight tests full-scale Cp

Rudder data
oonfiguration
Period | Cycles to| Period| Cycles to
(sec) | one<half (sec)| one=half
© | amplitude amplitude
Original
rudger 2.18% 1.75 1.95 1.35
Trailing-edge
buldb modification 2+30 1.16 2.03 1.01

Brhe computations were made by the simplified method of reference 5,
as outlined in Appendix C, which makes practical the consideration
of the effects of product-of-inertia terms.
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In the case of the original rudder with tralling-edge bulb, the
comparison between the computed and measured damping is good. The
likely reascn for the less satisfactory agreement in the case of
the original rudder is evident from figure 13, which shows that
with the small value of Cpg existent on the original rudder, a

small inmccuracy in the evaluation of Chg or Ghﬂ would cause

appreciable changes in the cycles to damp to one~half smplitude.
Another source of error not evident from this filgure is inaccuracy
in the evaluation of the rudder dsmping parsmeter> chnb. This

term, which is relatively unimportent whem Chg 1s high, inoreases

in importance at the lower values of Cha and can significantly
affect the location of the knee of the curves of figure 13(a). It
can be concluded fram the foregoing that the lateral-ocscillation
charescteristics can be satisfactorily predicted by availsble methods,
provided the comblination of hinge-moment parameters is not such as
to put the airplane in the knee or beyond the knee of the ocurves of
figure 13(a).

The important influence of tab setting 1s evident from figure
7. The change in Cp, between #4° tab setting is sufficient to
increase the cycles to damp to one~half smplitude as much as &0
percent on the original rudder and 10 percent on the rudder with
the trailing-edge bulb as shown in figure 13(a). This effect was
exemplified in flight, as indicated by the curves in figure 1l.
Above 400 miles per hour, the demping characteristics are consid-
erably inferior for the ocut-of-trim teb setting, in comparison with
the characterlstics for the in-trim tab setting., It is evident that
a conservative design must allow a reasonable margin for these changes
in Oppy due to tab setting, if undesirable damping characteristics

are to be avcoided.

No quantitative data were available on Cpp and chﬁ with the

deboost tab or the horn-removed modifications. However, it is Imown
that the former modification will inorease Ghs negatively and the

latter will inorease OCp , positively and C;  negatively. Both

these changes are such as to move the rudder characteristics into
the better dsmping range. Figure 1l shows that the flight results
are in conformity with this trend. The deboost tab modification is
of special interest, since it furnishes an expedlent by which a
rudder which has an undesirable Cp, and Ghﬁ cambinetion, insofar

SThe value of GhDa of =0.164 used in this in this investigation
was obtained from reference €.
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as damping is concerned, can readily be adjusted for more favorable
characteristios.

On all of the rudder modifications tested, except with the upper
horn modification, there is observed a gradual deterioration of the
damping of the airplane with speed. As previously mentioned, the
rudder-fixed tests show that this deterioration is not traceable to
any oontrol-fixed stability parameters. It cen be inferred, therefore,
that the effect is due to a change in and Cp, wilth Mach
number. No experimental data are availa%?e to veri this inference
on the rudder used on the test airplane, but this trend has been
observed in high Mach number tests of other control surfaces. In
particuler, if the trailing-edge angle is lerge, it can be antici-
pated that Cnp will inorease positively and Cpg will increase
negatively with Mach number, a trend which figure 13 shows will
move the rudder into the decreased damping range. Sound design
practice, therefore, calls for an allowance for changes of this
type in selecting the low-speed parameters by methods of references
4 and 5.

CONCLUDING REMARKS

The current trend of airplane design which leads to intentional
selection of a low rate of change of rudder hinge-moment coefficient
wlth rudder deflection and a negative rate of change of rudder
hinge-noment coefficlent with angle of sideslip Ch, is such as to
invite increasing amplitude or poorly damped oscillations. It is
therefore important that the demping characteristics be checked by
the methods of Greenberg and Sternfield or, if product—of-inertie
terms are found to be important, by the methods of Neumark.
Allowsnces should be made for the effect of tab deflection and Mach
number on the hinge-moment parsameters.

Ames Aeronautical Laboratory,
Nationel Advisory Committee for Aeronautics,
Moffett Field, Calif.
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APPENDIX A
SYMBOLS
wing srea, square feet
free-stream airspeed, feet per second
indicated airspeed, miles per hour
wing span, feet
span of rudder, feet
mass of the airplane, slugs
nass of the rudder, slugs

radius of gyration of airplane about vertical (Z)
axis, feet .

radius of gyration of rudder about hinge axis, feet
period of oscillations, seconds

time required for motions to decrease to one-half
amplitude, seconds

cyoles required for motions to decrease to one=half
smplitude

time, seconds

coefficients of the rudder=free lateral-stebility
equation

coefficient of the rudder-fixed quadratic factor
A2y A4k for which the roots correspond to the
apparent lateral oscillastion

root of the stability determinant

imaginary portion of complex root of the stability
determinant
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NACA RM No. A7L31

portion of the complex root of the stability

determinant

dynamic pressure, pounds per square foot (%pva)

mass

density of air, slugs per cubic foot

airplane relative-density factor (m/pSb)

rudder relative-density factor (my/obpdr2)

mean aerodynamic chord of rudder, feet

angle of sideslip, radians

rudder deflection, radians

yawing angular velooity, radians per asecond

lateral-force coefficient (lateral force/qS)

yawing-moment coefficient (yewing momont/th)

rolling-moment coefficient (rolling moment/qSb)

hinge-moment coefficient (hinge-moment/qbroy2)

rate
of

rate
of

rate

of change of yawing-moment coefficient with angle
sideslip (3Cn/0B)

of change of lateral-force coefficient with angle
sideslip (3Cy/dB)

of change of rolling-moment coefficient with yawing

angular-velocity factor [acz/a(rb/EV)]

rate

of change of rolling-moment coefficient with rolling

angular-velocity factor [601/3(pb/bv)]


http://www.abbottaerospace.com/technical-library

Security Classification of Thiswdteporirdes=BeerreCancel led

. NACA RM No. ATL31 11
. CIB rate of change of rolling-moment coefficient with angle of
sideslip (3C;/08)
Cnp rete of change of yawing-moment coefficlent with yawing
angular-velocity factor [acnfa(rb/év)]
Cn5 rate of change of yawing-moment coefficisnt with rudder

deflection (O

chB rate of chsnge of rudder hinge-moment coefficient with
angle of sideslip (OCy/d8)

Chp rate of change of rudder hings-moment coefficient with

yawing angular-velocity factor [Bch/B(rb/EV)]

Cha rate of change of rudder hinge-moment ccefficient with
rudder deflection (
chDs rate of change of rudder hinge-moment coefficient with
rudder angular-velocity factor {éch/ﬁ [(65 at)b ]:}
2V
APPENDIX B

PHYSICAL CHARACTERISTICS OF THE TEST AIRPLANE
General

Testgrossweight ® @ ¢ & 6 % & ¢ & & o 8 & o & & & & 13,000117
Moment of inertia in yaw 2
sbout principal 8xXi8 ¢ o ¢ ¢ ¢ ¢ ¢ o ¢+ o « . 36,340 slug-ft
Moment of inertis in roll

about principal axis ¢ 8 ¢« @ & 8 & &8 8 & & & o 13,980 slug-fta
Angle between reference

axis and principal axis,

positive when reference axis is

above 'principa.l axis at nose €« & 8 6 & ¢ & & &6 & & & o & 2.40
Distance from airplane center of

gravity (0.25 M.A.C.) to rudder

hinge li-ne . L ] - L ) -* L - * - - L Ll - - - - > - Ll - - - 23‘0 ft
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Wing
Aresa « 2 @& &6 & & & ¢ ° e e & o @
Span ® e ¢ @ ¢ ® & 8 e s s e e @
Aspect ratio .« o ¢ ¢ o ¢ 2 s o o
Taper i‘atio e & 5 % e ¢ o o s @
Mean aerodynamic chord .« « ¢ o &«
Dihedral ¢« e 6 o 6 6 2 e 0 0 o @
Incidence (root chord station 30)
Gemetric tWist ¢« ¢« ¢ o o o o o o
Root section e ¢ @& & ¢ o ¢ ¢ o o
Tip section e & & ¢ o o ® & = o

Vertiocal teil
Area e & o @ o o o & o & o o o o
Span ¢ & & @ e e o ¢ ¢ ¢ o ¢ o
A.sp’ct ratio e @ & o o o ¢ & o @
Taper ratio * @ o ® o e s @& o @
Mean aerodynamic chord . « « » &
Offset ¢ @ ¢ & @ ¢ ¢ o 0 ¢ s & @
Root section e ¢ o o o ¢ e o o o

Tip section

L]

* L] * * L] L . L] .

Rudder

Area aft of hinge line . .
Span...........
Mean aerodymamic chord . .
Chord aft of hinge line, percent
fixed surface chord .
Total balance area
Original rudder « « « « ¢ « o o
Original rudder with the upper
horn removed
Nose gap
Contour aft of hinge line .
Travel
Included trailing-edge angle

* ®
e L ]
. L

Tabs

Trim
Area aft of hinge line . . . .
Spa.n.........--_..
Chord, percent of control chord
Travel

BacrpsCHICE Shad

NACA RM No. A7L31

400 sg ft
50.0 ft

e o 6.25
. 0.503
8.34 £t
6.0°
3.97°

e v o o o s . 4.22°
NACA 2417 (station 30)
NACA 4413 (station 300)

36.01 sq ft
o« TJ.67 £t
. 1.68
. 0.549
. . 4.78 £t
from atation 45 to tip
0013.44-64 modified to
12-percent thickness
NACA 0012-64 modified to 10.71~
percent thickness

* L] L] L ] L]
LI B B
L] L] L ] L
* 2 & o
[ ] L] e @
L L ] L .

3.0°
NACA

¢ & & ¢ ¢ & o b e = 18.99 8q ft
L] . L] - - - - -« * - [ ] . 9.67 ft
- L) L] L ] [ ] - L] L ) . - * . 2.08 rt

40

. . 4.82 8q ft

0-0-3.793qft
fabric sealed
e« « « « 8straight
(approximately) +25°
13°

® o o o @
s o o o »
® = o o o
e o & o o
o o & 8 o
e * & » o

e ° o

. L ) L] L 4 * L] . L

.. 6499
(approximately) +10°
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Belance ratio (Teb throw
per surface throw)
Origina.lrudder....----.-..........0

Deboost modification « « « & e o o . s ¢ o o Teb
Spring

Arotaf‘bofhingoline........-........ 1.00

Span e 6 a 6 8 58 o s 86 6 o 6 e e s s e s 0e0 0 000 269 F%

Chord, percent of control c¢hord o« ¢ ¢« ¢« o o« ¢ ¢ ¢ ¢ o ¢ To0l

" Iravel « o ¢« ¢ o ¢ o 8 s 2 o ¢ o s 0 s o @ (..PPrOIthly) ﬂ5°

Spring constant, rudder
hinge momsnt per tab a.nglo e o ¢ 8 s 8 o @ 0 & o 5.78 ft=1b
per degree

Moment of inertisa of the rudder
system about hinge 1line . « ¢ ¢ « ¢ ¢ « «
Rudder frietionmal hins‘ mement ¢« ¢« ¢ ¢ ¢ o o

Engine

T‘y‘pe ¢« 6 ¢ &8 & ¢ & & &8 @ ® 6 ¢ 8 & & & & @ . Wrigh‘b R=3350-8
Propeller gear TBEI0 ¢ ¢ ¢ ¢ o ¢ ¢ ¢ ¢ 6 ¢ o 0 0 e 0 0 @ 04375
Normal horse power ratings
Sea level e &8 ¢ 6 ¢ & ¢ 8 06 & & 8 ¢ & o o 2100 hp at 2400 rpm
3800 feet e & o6 o 6 o a o e o s o e 0o « » 2100 hp at 2400 rpm

s o 2.27 ﬂlug-ftz
* & @ o 1.2 ft-lb

Propeller

Curtiss Eleotrie

- Number O0f Dlades « ¢« ¢ ¢ ¢« ¢ ¢ ¢ « o s ¢ ¢ ¢ o ¢ ¢ o 8 ¢ o four

Diamoter « ¢« ¢« ¢ ¢ ¢ @« ¢ o s 2 ¢ ¢ 0o ¢ ¢ 6 0 0 0 ¢ & 13 ££ O in.

Blade design e ¢ ¢ ¢ & 8 ¢ & & ¢ & T ¢ ¢ o v s @ X8856-14C2-18R1

. ouffs removed
APPENDIX C

CALCULATIOR METHODS

The method employed in the present investigation for predicting
the rudder-free dynamioc lateral stability of the airplane was taken
from reference 5. It makes use of the coeffiolents of the rudder=-
loocked quadratic factor Ag+f%+h, for which the roots correspond to
the motion which is readily apparent to the pllot. The substance of
this procedure is the neglecdting of the effect of Oy, or rudder-
motion terms during the determinant expansion prooess while reteining
Cy effects on other terms. Application of this procedure, using

rudder-fixed coefficients and not considering rolling, yields an
. equetion of the form:

ANt +BAS LCA24+BA+F =0 (1)
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where

b
"

ChD5

w2 () (kr) ch% (kr) :_:E:fﬁg <kr>
.- -*:3; R JCORE -~ JONC)]
wru (kr) < z) e <—)

The roots of equation (1) which define the apparent lateral
oscillations are of the form A = a' + ib', These roots are used
in the following equations to determine the period and time to demp
to one-=half amplitude:

o)
I

Q
]

_2rbv
P=gry (2)
T - --1oge 0.5 -(3)

The relatibnship between chB and chﬂ which defines the

boundary for divergence 1s obtained by setting F = O and that for
oscillations of increasing amplitude is found by setting Routh's
discriminant

R = BCE — AE2 — FB2 = 0

The incomplete-damping boundary, which defines a region between
demped and inoreasing-smplitude oscillations in which constant-
amplitude osclllations occur, is the envelope of the boundaries for
increasing oscillations for variocus values of chDﬁ'

The coefficients £ and h of the rudder-locked quadratic
factor, which are used in the present investigation, were obtained
from the rudder-locked flight-test data presented in figure 9. By the
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use of the quadratic formula, equstions (2) and (3) can be trans-
formed for the rudder=-locked case to the form

2 lo 0.6 b
£ = £ 108e Ued D 4
T3 7 (4)
and
2 2 2
h = EE_. 3554-2;. (5)
P Vv 4

Values of I%, P and V from figure § can then be substituted in

equations (4) and (6) to evaluate f and h. Rudder~locked oscilla-
tion flight-test datsa usually are not available for use in the pre-
diction of rudder-free characteristics. In that case, a' and b’
(and hence f and h) can be evaluated from wind-tunnel data or
other information by a method such as that given in reference 3, in
which the effects of rolling and the produot of inertia due to the
inclination between the wind axis and the principal axis are con-
sidered.
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Figure 1,~ The test airplane instrumented for flight.
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Figure .- Three-view drawing of the
lest awplane.
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(a) Top View.

- (b ) End View,

Figure 4.~ Rudder trim tab with the trailing-edge bulb
- attached.
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(v) Side View,

Figure 5.- Vertiocsl tail with the horn-balance
area removed from the rudder.
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Figure 6.= Mechanism for locking the rudder.
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Figure 7.- Variation of G with rvdder fab
angle as measuvred in the 40-by 80- foot

wing tunnel.
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