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TECHNICAL NOTE NO. 1359

EXPERTMENTAL VERIFICATION OF THE RUDIER-FFEE STABILITY
TEEORY FOR AN ATRELANE MOIEL EQUIPPED WITH A RUDIER
HAVING POSITIVE FLOATING- TENTENCTES AND
VARIOUS AMOUNTS OF FRICTION

By Bernard Maggin
SUMMARY

An investigation has Dsen made in the Langley free-flight
tunnel to obtain an experimental verification of the theoretical
rudder-free dynamic staebility characteristics of an airplane model
egquipped with a rudder having positive floating tendencies and
various amounts of friction in the rudder system. The model
was tested mounted on a yew stand that allowed freedom only in
¥ew, and & few tests were made In free flight. Tests were made
with verying amcunts of rudder aerodynemic balance. Most of the
stability derivatives required for the theoretical calculations
were determined from force and free-oscillation tests of the
model. The investigation was limited to the low relative-density

YaNES «

The results of the tests and calculations indicated that,

with negligible friction in the rudder.control system, the
general rudder-free stability theory. sdequately predicts the
period and qualitatively predicts the damping of the rudder-free
oscillations for the normsl range of ‘alrplane and rudder paramsters.
- If the general theory is simplified by neglecting rolling, lateral
displacement of the center of gravity, and rudder moment of lnertla,
- the theory still adequately predicts the poriod and dquantitatively
Predicts lower values of the damping of the rudder-free lateral
osclllation. The investigation showed that, with friction in the
rudder system, a constant-amplitude oscillation exists for a range
of combinstions of positive floating-moment and negative restoring-
moment parameters. A simplified theory approximating solid friction
by an equivalent viscous friction Predicts the characteristies of
the rudder-free lateral stebility for values of friction hinge-moment
coefficient in the rudder system encountered with present-dsy
alrplanes.
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Dynemic 1nsta'bility in the rudd.er-:h‘ee condition has been
exyerienced by somé airplanes., Other airplcones heve performed
a rudder-free oscillation called "ensking,” in which the eirplane
yaw and rudder mobtiong are so coupled a,s to maintain a constent-

emplitude yewlng oscillation. These phnencuenea have been the

subject of verious theoretical investigstions, and the factors
affecting the rudder-free sbability have been explored end
deilned in the theoretical anclyses of references 1 to 3.

In order to obbtaln an experlmentél check of the verious rudder-
free theories, a series of teste has been conducted with a

%—- scule alrplens model in gliding flight in the Langley freo-~

flight tunnel. The first part-of this investigetion dealt with
the. experimentel results of tests made to debermline the rudder-
free dynamic stability characteristics of an alrplens model.
equipped with rudders having neogative iloating tendencles gnd
negligible Pfriction. (Sec roference 3.) The resulbts of the .
second part of this investiga:blon, p.tesented herein, deal with
the rudder-free dytemic sbability of the modol equipped with

a rudder having positive floating tundencies, negativo rets‘boring
tendencies, and varying amovnts of friction in the rudder sygtom.
For -convenlence en all-movable verticel tall wes used to obtaip
positive floating tendencies, but the results are applicabla to
a:oy rudder having tho range of parameters considered.

The - model was testod both in freo flight end mounted on &
vew sbend that ellowed freecdow only in yaw in order to determine
experimentally the differences cevscd by ueglect of tho rolling
and leteral motione of an elrplane with rudder fres.

In order that the rosults ohtained. by theory and experiment
might be correlated for tho conditions withoul friction in the
rudder system, calculations wore mado by oguotions involving
four degrees of freedom and by equationg involving fewer dcgrees
of fresdam and noglécting verious airpienc ané yudder parameters.
(8ee reference 3.) For conditionms with Friction in the rudder
gyetem, calculations wore made by a simplified theory app oximating
solid friction by en equivelent viscous friction. (Sco roufevence 2.)
Various force, hingo-moment, wsnd free~ocscillation tests were made
in order to determline some of the sta‘bility d.erivauives for the
rudd.er-f'ree stability" ealculations.
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. SIMBOLS

welght of model, pounds

free-stream alrspeed, feect per second

wing area, square feet

wing spen, feet

wing chord, feet

vertical-tail (rudder) area, square feet

span of vertical tail (rudder), feet

mags of model, slugs |

mess of vertical teil (rudder), slugs _

radivs of gyration of model ebout longitudinal (X) axis, feet
radius of gyration of model asbout verticel (Z) axis, feet

radive of gyration of vertical tail (rudder) about hinge
axis, feet

dlstance from center of gravity of vertical-teil (rudder)
gystem to hinge axis, feet; positive when center
of gravity is back of hinge

moment of inertia of vertical tail (rudder) about hinge
line, slugs per asgquere foot

distence from model center of gravity to vertical tail
(xrvdder) hinge line, feet

period of oscillations, seconds

tims required for motions to decrease to one-half amplitude,
gsconds : t

time, seconds
dynamic pressure, pounds per square foot (%PV%>
mass density of air, slugs per cubic¢ foot

model relative-density factor (m/pSb)
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vertical-tall (rudder) relative-density factor
(my/obyEv2)

root-mean-square chord .of vertical taill (ruddef), foetb

angle of sideslip, radians unless otherwlse stated

engle of yew, radiens unless.otherwise stated

rudder angular deflection, radians unless otherwise
gtated

qQ

lateral-forse coefficlent. .Laxeral force
| B .
Rolling nxmmn%)
gSb

rolling-moment coefficlent

. yawing-moment coefficient (f?”inﬁ mﬂmﬁnf)

; qSb
hinge-moment cosfficient &w)
bvcv

Priction-hinge-moment coefficient (Friction hinge mgmsni)

qbyEv2

. rate of change of leteral-farce coefficient with angle

of sideslip = (ICy/oB)

rate of change uf rolling-moment coefflcient with angle
of sideslip (dCq /38)

rolling angular velocity, radians.ﬁer gecond

'yawing anguler velocity, radians per second

rate of changs of rollingimoment coefficienb with rolling
angular-veloc1ty-facto” (BCz/éxﬁ))

rate of change of rolling-moment coefficient with yawlng
engular-velocity factor (9C?/BZV>
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Cn‘3 ' rate of change of yawing-moment coefficient with angle
of sideslip (3C,/0B)
Cna rate of changs of yawing-moment coefficlient with rudder
anguler deflection (S€,/3%)
o rete of chenge of yawing-moment coefficlent with rolling

angular-velocity factor (acn BE}-’—)

Cnr rate of change of yawlng-moment coefficlent with Yawing
angular-velocity factor (acn/azv)

Chy rate of change of rudder hinge=-moment coefficient with
A aehgle of yaw (Bch/B\!f); floating-moment parameter
Chr rate of change of rudder hinge-moment coefficient with
yawing angular-velocity factor (Bch/ Bﬂi)

Cy rate of change of rudder hinge-moment coeffiecient with

% rudder engular deflection (dCL/08); restoring-moment
parencter ,
Chm rate of change of rudder hinge-moment coeﬁgicient with
rudder angnler-veloclty factor BCh/B\———
W amplitude of yaw oscillaticn, degrees
) amplitude of rudder osclllation, degrees
R Routh'’s discriminant; boundary for zero da.mpjng of

the lateral oscillation
AFPPARATUS .

The tests were made in the Langley free~flight tunnel, a
complete description of which is given in reference 4. The

model used in the testa was a modified l-scale nodel of a

Fairchild XRZK=1l alrplane. Figure 1 is a three-view drawing
of the modsl. The mass, dimensional, and asrodynamic character-
istice of the model are presented in table I.

The verticel tail (in this cese, the rudder) of the model was
a straight-taper ell-moveble surface with an adjustable hinge line.
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Veriation of the rudder hinge line .ellowed for adjustment of the
rudder floating-nmoment perameter ch\y and the rudder restoring-

moment perameter Cpg. In eddition Ch5 wag adjusted by a special

spring attachment. Flgure 2 is & sketch showlng thie special
spring attachment, the rudder-fréeing system, and the friction
pyetom. The magnitude of the frichlon momsnt in the rudder system
wag ‘determined by a torque meter which reglstered the torque
requlred to maintain a gteady rotation of the rudder post and
pulley.

A photograph of the model instslled on the yaw stand used
in the tests is shown ag figure 3. The stand was fixed to the
tunnel floor end allowed the model complete freedom in yaw but
restrained it from rolling and sidewise displacement.

TESTS

Tests were mede to determine the period and demping of the
rudder-~-free lateral oscillation c:f the model in frese flight and
mounted on the yaw stand.

Free-fligh‘b tests of the model were made for the conditions
for which data are presented under the "Flight” columns of
tables IT and IIT. These teste were made by flring the model in
the tunnel_and by vhotographing the rudder-free lateral oscillations
ag deschibed in reference 3. The flight-test program was not
more extensive because of the difficulty of obtaining film records
of sufficient length during the uncontrolled peaxrt of the flight
to determine accurately the periocd and damping of the lateral
oacillation.

The yaw-stand tests of the model were made as described in
reference 3, for conditions fér which data are presented under
the "Stand" columns of tables II and III. These tests were
made under conditions reproducing those consgidered in the
enalytical treatment of reference 2. :

The stability derivetives used in the calculastions were
‘obtained by the methcds described in reference 3.
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SCOFE AND METHODS OF CALCULATIONS

By use of the coefficlents given in teble I, calculations were
made of the damping and period of the rudder-free lateral oscillatioms
of the model without friction in the ruddser system for the range of
rudder parameters indicated in teble ITX. These calculations were madse
by equations that provided four degrees of freedcm &a well as the
fewer degrees of freedom which resulted from the neglect of rolling -
or fram the neglect of rolling amd sidewise displacement of the center
of gravity as described, :

Calculations were also made of the period snd amplitudes of the
rudder-free laterel oscillation of the model and of the rudder wilth
friction in the ruddsr system for the range of rudder parameters
indicated in table ITI. These calculetions were made by a simplified
theory epproximeting sollid friction by an equivalent vigcous friction
proposed in reference 2.

RESULTS AND DISCUSSION

. The results of the tests and calculations of the elrplane and
rudder motions are presented in tables II and ITI. Table II gives
the period and reciprocal of the time to damp to one-half amplitude
for the conditions Investigeted without friction; +eble III gives
the period and amplitudes of the alrplens end. rudder motions for the
conditions Investigabed with frictiom.

The reciprocel of the time to damp to one-half amplibude was vsed
to evaluste the Camping beceuse this value 1is a direct rather than an
inverse measure of the degree of stability. Correlations of the
calculated and experimental results are presented in figures 4 to 8.

Rudder~Free 35tabllity without Friction

Calculations and tests.- The stebility calculations made by use
of the gemeral theory indicate that the motions of an ailrplane with
rudder free consgist.of two aperiodic modes and two oscillatory modes.
In sach type of mode, one mode hes a period two to six times the other.
When rolling is neglected, or rolling and sldeslip are neglected, the
equations of motion predict only the oscilllatory modes. If rolling,
lateral motion of the center of gravity, end rudder moment of inertla
are neglected, only one oscillabtory mpde is predlcted. This mode
corresponds to the long-period mode predicted by the general theory.
The yew-stend and free-flight test results (table IT and figs. 9
end 10) indicaete that this long-period mode is the pred.ominant yawing
motion of the alrplens,
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. All the theories Ieasonably predict the pevriods and values of
floating-moment and restoring-moment perameters foir zero demplng
of the rudder-free luteral oscillation. Values of the damping of
the motion .prodicted by the various theories, however, are not
in agrecment. (See table II and fig. 4.} Noglect of the terms
involving leteral motion of the center of gravity results in en )
appreciable reduction in the predicted velve of the demping of
the rwdder-free lateral osclllation.

Correlation of calculated and experimental data.- Good gquali-
tative agreement in prediction of the R = 0' boundary by theoory and
by tests is shown in figure 5, which presents a representative
calculated R = 0 boundery and the rangs of conditions covered
herein. The yawing and rudder ogcillationg of the alirplane a8
obtainod from yaw-stend tests for tests 6, T, 9, and 11 (see table II)
ave presented in figure 10(e).

The data of flgure 4 show that the poriod of the airplane
yawing motion obtained in the tests is reassonsbly predicted by
any of the theorles conpidered but that the damping of the
motion obtained from the tests 1g in only Ffair guelitetive
sgreepent with the theorlies. The damping obtained in the yaw-stand
tests agreos more closely with the theory neglecting lateral
displacement of the center of gravity and rolling than with the
more camplete theories. This result ls to be expected because
the yew-stand tests simulate the restiictions of the theories
neglecting rolling and sideslip, end neglectlng rolling, slideslip,
and rudder moment of imertia. It would also be expected that the
flight-test resulits would be predicted best by the pmenerel theory.
Flight tests, however, were not extensive encugh to indicate which
theory would predict the ruddel free la.teral stability cheracter-
istics in free flight.

Trom these data it eppeers that the theory neglecting rolling,
lateral displacement of the center ofgravity, and rudder moment
of inexrtia gives lower values of damping of the rudder-free lateral
oscillation than the general theory but can be used to predict,
at least qualitatively, the characteristics of the rudder-free
unotion of the airyplane.

‘Rudder-Free Stability with Friction

Calculationg.~ The results of calcwlations ghowing the effect
of friction In the rudder system are presented in table ITI.
These data indicate that for scame combinations of restoring-momant
end floating-moment parsmeters & constanb-smplitude yawing
oacillation will result. Thie oscillation consists of a yewing
motion of the alrplens acccmpanled by & rudder oscillation.
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The amplitudes of these oscillations are proportional to the
emount of friction in the system but the period is independent of
friction. Figure 8 shows the combinations of Ch\j: and Ch5

which result in this frictlon phencinenon.

Tests. - The results of the yaw-stand and £light tests
presented in teble III and in figures 9 and 10 show that with
friction in the rudder system there is a constent-saplitude
oscillation for a range of restoring-moment and Ffloating-moment
paremeters for which, with.negliglble friction, there is a
damped oscillation.

Correlation of calculated and experimentel deta.- In figures 6
to 8 the results of the tests and oalculations made to evalusate

the effect of friction on the rudder-firee laterel stabllity character-
istics are compered. The data of flgure 6 show good gualitative
agreement of the demping results obtalned by tests and by calculations
and indlcate that the theory of reference 2 can be used to predict
the region of constant-amplitude motion resulting from friction in
the rudder system. Figures 7 and 8 show that quentitatively the
theory of reference 2 predicts the period of the constant-ampliltude
osollleation through the renge of veriables considered but that

the amplitude of the rudder and slrplane motions are reasongbly
predicted only up to values of friction-moment coefficient of

gbout 0.01%5. This value of frictlon-moment coefflclent 1s well

gbove the average friction-moment coefficlent of present-day
elrplanes, according to a British summary of actuel friction hinge
moments of service airplenes. Thisg summery showed a minimum

frictlion moment of 1.7 foot-pounds and a maximum of 10.5 foot-~pounds.
The average frictlon moment was 4.4t foot-pounds, which corresponded
to a value of Cpp of 0.010.

The date of figure 8 show that the theoretical variation
of the emplitudes of the airplame yawlng motlon and rudder motion
with friction 1s a stralght line. The test results, however,
indicate that the amplitudes are not & linear function of frictiom
but that the rate of increase of amplitude with friction beccmes
smaller with increasing friction.

CONCLUSIONS

The following concluslons are based on the results of an
investigation conducted in the Langley free~flight tummel to
determine the rudder-free dynamic stability characteristilcs
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of an alrplane model having & rudder with posltive floating
tendencles:

1. For the case of negligible friction in the rudder control
system, 1t appears that the genersl rudder-free stsbllity theory
adequately predicts the pericd and qualitatively predicts the
demping of the rudder-free oscillations for the normal range of
airplane and rudder parameters. If the general theory is simplified

by neglecting rolling, lateral displacement of the center of gravity,
end rudder moment of inertia, the theory still adequately predicts
the period end quentitatively predicts lower values of damping of
the rudder-free lateral oscillation.

2. The investigation showed that, with friction 1n the rudder
system, a constant-amplitude oscillmticn exists for a range. of
combinations of positive floating-moment and negative restoring-
moment parameters. A& simplified theory approximating solid frictlon
by an equivaleni viscous friction predicts the characterlstics of
the rudder-free lateral stability for values of frictilon hinge-
moment coefficient in the rudder system encountered with present-

day alrplanes.

Langley Memorial Aeronautical Laboratory
Natlonal Advisory Committee for Asronantics
Lengley Field, Ve., Juns 1k, 1946
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TARLE I

MASS, DIMENSIONAL, AND AERODYNAMIC
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TABLE II,~ COMPARISON OF FERTOD AND DAMPING FROM FREB-FLIOHT AND YAW-STAND TESTS AND FROM CALCULATIONS

[llogug;lble friotich in roddar aystem]
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TABLE III.- COMPARISON OF PERIOD AND DANPING FROM FRER-FLIGHT
AND YAW-STAND TESTS AND FROM CALCULATIONS

[Friction in rudder system ]
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