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HATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT --

EFFECT OF WING LOADING AND ALTITUDE ON LATERAL STABILITY
AND CONTROL CHARACTERISTICS OF AN AIRPLANE AS DETERMINED
BY TZSTS OF A MODEL IN THE FREE-FLIGHT TUNNEL

By John P, Campbell and Charles L, Seacord, Jr.
SUMMARY

An investigation to determine the effecte of wilng
loading and altitude on lateral stabllity and control has
been carried out in the NACA free-~flight tunnel. The re-
sults of flight tegts of the modul were corrsleted with
calculated stability boundaries, and an effort was made
to determlne for each loamdlng condltlon the alrplane con-
figuration that gave the best flight characteristics.

By changing the welght of the modsl, the relative den-
elty was varled to represesnt alrplane wing loadlngs of 16
to 90 pounds por squara foot at sea level.or lighter loads
at altitude. The dihedral angle was varied from 0° to
11.5° and the vertical-tall arcea from 3.5 to 14 percent
of the-wing aren.

The tests showed that increasing wing loading and
altltude dld not affect spiral stablility bdut reduced
osclllatory stadbility, increased the difficulty of main~-
talning wing-level flight, and caused the general flight
bohavior to become worse, The best flight characteristilcs
at all loadings woere obtalned with conditions of small
dlhedral and large vertical-tall area.

INTRODUCTION

Recent nilitary alrplane design trends have dbesn to-
ward increassed wing loading and increasad celling. These
changes comblne to cause increasss in the factor u, the
ratio of airplane density to alr density, because this
factor varles directly with both wing loading and altitude.
Recent theorstlical papers (references 1 and 2) have pointed



out that difficulty may be experienced in obtalning dyanamilc
latoral stebility with alrplanes having iarge valies of p,
Thase papers indicate that the insiability takes the form
of the Dutch roll, a combinsd rolling gnd sideslloning
oscillation, and that it 1s associnted with aigh values of
the wing dihadral angle and low vertical-tall area.

In an effort to obdtnin srxperimental corrslation with
these theoretlcal rcsulfs and to determine the comblnations
of vertical-tall area end dlhodral angla that give tha bast
flring gqualities for each loadlng, flight teats of a model
of a typlcal fightar alrplanz: with propeller rsesmoved and
split flaps doflected 60° hava beean carried out in the WACA
froe=-flight tunnel. Tho rseults of this investigation cre’
glven harcein,

Tne flight invostigatlion coasistod in tasts of ths
model 1n which the wing loading was varied to represent
valucs of w from 6.5 to 31.5, Thase valuss of | corre-
gpond to wing loadings frem 16 to 90 pounds vor square foot
for ths elrplone at sea level or from & to 34 pounds per
square foot at 30,000 faeet.

for sacih of the loadlng conditions of the model, the
vertical-tall area ani the dlhedral anzlc were varied ovser
a rang2 of values representsative of prescnt-dey airplane
configuaratlons.

Tho rasults of th~ flizht teste of the model have been
correlated with atrbility voundaricer canlculeted for the
particular model t.eted. ZRatliregs for svliral steability,
oscillatory stoblllty, and genernl f£lizht behevior are given
for each condltion of the model,

SYizBOLS

Cr, 1ift cocfficiont (IL/qS)

Cy 1lateral-force coefficisut (¥/q35)

/v swines movent

C awlng-moment coefficlant LT h R TERY

n Y s \ 4bS / \

C, rolling-moment coafficiont ( 11z mong |
qo8 /

L lift, pounds



Po

""lateral fores, pounds - -

mags denglty of alr at standard sea-level conditions,
slugs per cublc foot

masa dengity of ailr at flight conditions, slugs por
cubie foot .

wing span, feet

wing ares, square feet

vertical-tall area, square feet

dynamic pressure, pounds per square foot (1/2pv3)
angle of attack, degrees

alrgpeed, feet per second

rate of change of lateral-force coefficlient with
gideslip, per radian (3Cy/Of)

rate of change of yawlng-moment coeffilclent with
sideslip, per radian (3C,/38B)

rate of change of rolling~moment coefficient with
sideslip, per radian ?BGI/BB)

rate of change o0f yawlng-moment coefficlent with
rolling velocity, per unit of pb/2Y (;cq/a§¥>
rate of change of rolling-moment coefficlent with
rolling velocity, per unit of pb/2V (acl/a-g-g>
rate of change of roliing~moment coefflcient with
yawing velocilty, pér unit of rb/2V (act/a—;%>
rate of change of yawing-moment coefficient with
yavwing velocity, per unit of rd/2V (acn/a-gg
angle of sldeslip, radians

o

'rolling angular velocity, radians per second

-



T yawing angular veloclity, radlans per second

A aspect ratio (b®/85)

n alrplane relative-denslty factor (m/psﬁ)

m mass, slugs (¥/g)

F4 acceleration of grevity, feet per second per second
| wveight of airplane, pounds |
¥/S wing loading of airplane, pounds per square foo%

Y angle of flight peth to_horizontal. degrees

r dihedral angle, degreas

kx/d ratio of radius of gyration about X axis to wing,
span

ky/b ratlo of radius of gyration about Z azis to wing
span

R Routh's diseriminant

b cogfficlent 1n stabllity quartlio equation, given 1n
reference 1

(A1l coefficlente are referred to stabllity axes.)
MODEL

Two similar 1/18-gcale models, one of light and one
-0f heavy construction, were used for the tests to permit
large changes 1n wing loading, A drawing of the models as
tested 1s shown in figure 1, )

Both models were so conatructed that welght, dlihedral
anglo, and vertical-tall area could be changed without
affecting the center of gravity or the radli of gyration,
The llght model, representing a wing loading of 16 pounds
per square foot, was constructed of balsa} wheress the heavy
model, representling wing loadings from 30 to 90 pounds per
square foot, was bdullt principally of spruce and plywoeod.



Both models were equipped .with gplit flaps with chords 20
percent of the wing chord., The split flaps, which extended
from the fuselage to the allerons, were deflected 60°, The
controls were electrically operated by a ¥pilot? in the
gsame manner as those deascribed in reference 3, The ratios
of the radii of gyration to the wing epan were held con=
stant at’ _51- = 0,143 and _sz_ = 0,202, and the center of

gravity was held atISB porcent of the.mean merodynamilc
chord. | .

MEASUREMENT OF SIDESLIP DERIVATIVES

The sldeslip derivatives CIB. GnB. and 'GYB wers

determined for the different combinatlons of vertical~tall
area and dihedral angle by teets on the six~component bal-
ence 1n the NACA free-fllght tunnel, All the tests were
made at an anglo of attack of 89, corresponding to a 1lift
coefficlent of 1,0, and at a dynamlic prasssuro of 4.09 pounds
por squaroc foot. The derivatives were calculeted from the
slopcs of the curves of O©q, Ch, and GY plotted agailnst

anzle of yaw., The velucs of GIB and Gna for the conm~-

binations of dihodral nnglo and vertical-tall area are
indicated 1a figure 2.

CALCULATION OF LATERAL~STABILITY BOUNDARIES

Tho 'calculated lateral-stabllity boundaries ara given
in figuro 3 for tho four velues of u used in the flight
tosts of the model, The boundarles, which are the locil of
pointe of neutral spiral stebillity (B = 0) and neutral
osclllatory stability (R = 0) at a 1ift coefficlent of 1.0,
wore calculated dy ueing the methods of refasronce 1, which
were based upon the standard stablility equations developed
in referonce 4. The boundsry curvoas ropresent a simulta-
neous varilation of the stadllity derivatives as glven in
table I. It wlll be noticed thet the boundariles fer R = O
move upwerd and 1nward on the latersl-stability diagram as
» 1is increased. A single I = 0 boundary, howsver, was
obtalned for all values of p mused; this result indicates
that spirel stadbllity does not change with u.




The leteral-stability boundaries ware obtalned by
assuming various ratios of verticel-tall area to wilng area
S5¢y/S and, for each of these ratlos, finding the values of
Ci1g Zfor which E =0 and for which R = 0, The desriva-

tives 01 v cné, and G1r were found from the ghurts_of

refsrence 5. The contribution of the Tertical tall to
-Gnr was computed vy the method of roefer¢nae l. Tag val-

ues of AcYa(fin) ragquircd for this computatlor and the
variation of an and GYB with tell aree were obtained

from the force tests previously mentionsed herein. The
value of Op, for $he model with the vertical tail removed

was estimated from messured drta for a similar model.
FPLIGHET TESTS

The flight tests wers made in the FACA free-flight
tunnel, whlch is described in refererce 3, A4ll the tests
for dynamic Iateral etability and confrol were made et a
1ift coefficiont of 1,0. TFor the range of wing loadlngs
covered, the nirgpoeds rdquired for flight at this 1lift
‘coafficlent varied from 28 to 66 faet psr second.

Tke spirnl stability of the modél.waé determined by
the pllot from ths rnte at which the model, with controls
fixed, sideslipped and rollad from levsl Flight.

Oscillatorr-stablility tests comslsted 1n starting a
latersel oscilletion D7 an abrupt movament of the rudder
whilo the model was In laterally level flight, HKotion
pictures of the flights waras nnde iz an effort to measure
tha period and damping of tho ensuing oscillatlion; however,
the flights during which .tke ocscillation was not inter-
rupted by control movements were seldom long onough for thea
dnamping of the oscillation to be accurately determinod from
tha motion~picture records. Visual observations of the
damping were also made, therefore, to suppleoment .the motilon-
picture records. . .

Ths lateral cortrol ves Judged by the difficulty with
which wing-level flight was maintained, both with rilorons
and rudder usad together and with ailerons alons, During
the flights with aileron aloae tho yawing due to alleron
deflection was notad. The amount of thils yawlng and the



"manner in which ‘the tiodel returned to neutral was taken.
as an 1ndication of the directlonal stabllity.

An over~all flight-behavilior rating based on the
pillot!s opinion of the general nature of the flights was
recorded for each comndltion, The fectors lnfluencing
these ratings included spiral gtability, the type of the
lateral oscillation, leteral control, and directional
stability.

RESULTS AYD DISCUSSION

Interpretation of Results

The resulte are given 1n terms of actual eirplane
wing loading at sea level, as the tests were mede at
standard sea~level conditlons. Innsmuch as p 1is directi-
ly proportional to both wing loading and asltitude, the
date given can be applied to mirplanes flylng at higher
altitudes; that 1ls, an alrplane with an rctual wing load-
ing of 34 pourds por square foot flylng at an altitude of

30,000 feet, where éL = 0.38, will have the same sta-

o
bPility characteristics s n similar alrplane with a wing
lozdlng of 90 pounds per sguare foot flyilng at sea level,
The varlation of pu with effective wing lording and alti-
tude is shown 1ln figure 4,

Although the results were obteinad for a modsel with
flaps deflected and without a propeller, a wide range of
stablllty derivatives was covered by varylngz the verticeal-
. tall area and the dilhedral angle. The resultes apply to
any eirplane having these particular stabllity derivatives
regardless of the alrplane configuretion. The conclusions
regardlag the effect of p on lateral stadbillty and con-
trol, however, are belleved to have generel applicatlon.

Leteral Stadllity
Spirel gtabllity.~ In the flights no change in spiral
stabllity with change in ©w was observed., Thig result was
in egreement with the theoreticel stabllity calculations.

Average spiralwstnbilllity ratings from flight tests at




different values of | are shown 1in figure 5, which is a
lateral~stsbility dlagran (Gna against -019) on which

the spliral-atabllity boundary from fizure 3 has been lo=-
cateds The ratings are placed on the diagram at polnts
having coordinates that correspond to the derivatives
GnB and 015 obtained from force tests of the model.

The wide band of neutral ratings shows that, over the
rarze covered, the degres of spiral astablliity or lnsta-
bility was 8o slight as to make 1t hard to locate defi-
nitely the condition of nsutral spirnl stability. DThe
ratings lndlcate that the calculated boundary does define
r. region of approximately neutral spiral stabdlllty.

The tests showed further that ths modsl in a condi-’
tion of definite spliral lnstablllty was not hard to fly.
For model conflgurations that gave definlte spiral sta-
bility (low vertical~tall area or high dihesdral angle),
morcover, the detrimental sffects of adverse yawing due
to ailleron deflection ware mora notliceable than for con=
figurations giving spiral instabillty. Spiral stabdility,
therefore, does not appear important enough to be attalred
at the expanse of other stabillity and control charactoris-
tiocs. This statement 1s esveclally true for high wing
loadings, et which the yawing caused by aileron deflec-
tion 1n & high-dibhadral configuration is likely to start
or reinforce the latoeral osclllation.

Oscillatory stability.- Increasing the value of

causod a reduction in osclllatory stadlility, as shown by
the qualitative ratings for damping of the osclllations in
flgure 6, The magnitude of the effecte of changes in p
on the damping varied with changes in the model coafigura-
tlon., In general, the greatest offects of u were noted
with the high dihedral angle and small vertlical-taill areas,
a8 would be expected from the manner in whlch the oscilla-
tory-stability boundary (R = 0) shifts with increasing val-
uas of p. (See fig. 6.) '

Tho eoffects of p on the oscillatory stadility with
the smellost tail (tail 1) could bo datarmined for only
two tost condltions because of poor directlonal-~-stadbility
characterlstice with this tail. The followilng discussion
is therofore concerned only with tails 2, 3, and 4.

At 0° dihedral, the lateral oscillation wss practical-
ly deadheast for all values of vertical-tall area and all
valuos of u. No appreciable reduction in damping with



dneroase in - could be notéd even with the small ver-

tical tail (tail 2),

At 4° dihedrel, the effects of u on the damping of
the osclllation were noticeadly greater than at 09 but
were not serious for any value of vertical-tall area, A4t
tho small values of @ with all vertical talls and even
at the highest values of {»° with the largest tall, the
damping was heavy. Increasing the value of w caused a
sizable reduction in the damping with the small vertical
tail (tell 2), but the oscillatory instabllity indicated
by tho caleculated R = 0 Yboundary was not noted in the
flight teste at this condition. (See fig. 6.)

At the 8° and 11° dihedral angles, the offect of p
on the damping of the osclllation was apparent even wilth
the lerge vortical tall. Incroasing p caused reductlons
in damping that were sufficlent- ln some cases to cause
osclllatory instabllity. Thle instabillity was elight,
however, and even for the worst conditions (11° dihedral,
tail 2, and p = 31,5) dild not prevent the making of some
sustained flights., On the other hand, the instabllity was
consldercd ocojJectlonnbles in that 1%t introduced consider-
ablo difficulty in keeplng the wings lovel with ailloeron
control, Thisg difficulty was causcd by a lightly damped
rolling motlon, which was ceassentlally oscillatory in
naturo dut which was usually started by aileron deflec—
tions,

Although insufficient gquantitative data were odtalned
in the flight tests to afford an accurate experimental
chack of the carlculated oscilletory-stabllity boundaries
for the difforent vezlues of u, 1t eppcers from the rate
ings of flgure 6 that the boundaries were conservative;
that 1s, the calculated boundarles, 1n gencral, seesmsd to
exaggerate the detrimental effect of high values of ik on
oscilletory stability and soms theoretically unstable con=
ditions appeared stable in the flight tests. It should be
noted, however, that in no case was thse flight behavior
for theso theoretlcally unstable conditions consldered
entirely satisfactory., It therefore appears that, although
these particular stabllity boundaries ware not accurate
Indicatlions of neutral oscillatory stadility, they were
useful to some extent as indications of conditions of un-
gsatisfactory flight behavior,
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Lateral Control

Increasing the valus of p 1increased the difficulty
of maintalning a wing-level attitude wilth alleron control,
In flights with values of px of 21 and 31.5, attempts to
raise a2 low wing by use of the allerons usually resulted
in a bank in the opposite directlion. A%t times, because of
this tendency to overcorrect deviations ir bank, several
alternate right and left alloron deflectlons were neces-
sary to return the modsl to wing-level fllght.

It was belleved that the tendency to ovarcontrol with
the allerons was caused principally by the increased moment
of inertis in roll, although the fact that higher alleron
rolliag velocities ware obtsined at high values of u
probably contributed to the difficulty. The momant of
inertia increased 1n direct proportion to the lncrease .ln
p. The rolling veloclty dus to allergns increamsed 1n 4i-
rect proportion to the sguere root of pn. Thisg inerease
in rolling voloclty was caused by the higher alrspesds
necessary for flying at the same 1lift coefficlent with.ths
high values of .

In an offort to determine which of the two factors -
noment of lnertia in roll or rolling vaeloclty dus to
gllerons ~ was the chiof cause of the overcontrol, flights
woers made at p = 31.5 with the allsron travel reduced so
as to prodvce smaller rolling velocitiea, The flights
ware somowhat smoother, but after large disturbances the
tendenc” to ovarcontrol when returning to level flight was
etill presocat.

In order to wverify the indication that moment of
inertis was the principal cause of the overcontrol, tests
wore made with the light model (p = 5.5) flown at the same
alrepeed as that used for the flights at p = 31.5. At
thls alrspeed, which corresponded to a 1lift coefficlent of
sbout 0.2, the ailerons devaloped the same rolling moments
and velocitlice as 1in the teets at p = 31.5, but the flights
were much smoother and showed nons of the tendencles towerd
o7arcontrol that were noted 1n thae fligkts -at heavlier load~
ings. It was thus concluded that increased momsut of iner-
tia in roll wae tha chlef cause of the overcontrolling dif-
ficultlies at the high values of u.

Although the coacluslon thet increased moment of
inartia in roll caused overcortrolling difficulties was
established only for a case in which Ju was lncreased by
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.increasing wing loading, this fact also holds for the
ceso in which p 1s incrsased by flying at altitude,
For an airplanc flying at altitude the ectual moment of
inertia in roll would be the same as at sea level, dut
the ratio of the moment of inertia-in. roll to the aero-
dynamic damping moment oppoeing roll would be greater
because the damping moment varies directly with alr den-
sity.

Goneral Ilight'Behavior

The general flight behavior of the model became
worge wlth incremsing values of p, as indicated dy the
flight-behavior ratings ia filgure 7. These ratings are
indications of the combined effects of all lateral sta-
bllity and control characterlistics on the nature of the
flights. It appaars from a comparlson of the ratings of
fizure 5 with those of flgure 6 that osclllatory stabll-
1ty was the principal factor influencing the pllot's
opinlon of the general flight behavior of the model in
this investligation.

Comblinatione of vertical-tall area end dlhedral aa-
g€le that gave the best flights at small values of p
usually gave the best flights at higher values of p.
Witk increasing values of p, however, the number of model
configurations that gave satisfactory flight behavior be-
came progreessively smaller, At the low values of u sat-
isfactory behnvior was obtalned &t all dihedrals with the
two large talls (talls 3 =nd 4) and at the low dihedrals
with ta21]l 2., At the highest value of u, however, satis-
fectory conditlions were obtained only with small dilhedral
and large talls.

For all values of p the flight tests indicated
that, ia generrl, the best fllight behavior was provided
by model coaflgurations that had low values of effective
dihedral and hligh valuea of effective vertical-tall ere=e.
With large values of dlhedral, the detrinental effects of
edverse yawlng were usually evident and in some cases the
osclillatory stadility wase poor, With lov effective
vertical~tall area, the directional stadbility was poor, as
evidenced by excesslive yawlng motlons, The smallest tail
(tail 1) did not provide satisfectory directional stability
even with 0° dihedral angle, for which the value of an

of 0,01 indicated positive stability,
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CONCLUSIONS -

Based on tests of two similar 1/18-scale dynamie
models wilthout propsller in the NACA free-flight tunnel,
the following conclusions concerning the effact of wing
loading and altitude, or the airplane relativa~density
factor u, on lateral stebillty and coatrol were reached:

1. The value of py apparently had no effect on
splrel stebility; tihils rosult vas in agreement with theo
calculated spiral-stablllty boundaries.

2. Increasing the velue of p caused a reduction in
oscillaotorr stability. Although the trend of this reduc-
tion weos the same as that indicated by the calculated
oscilliatory-stabdility boundariss, some flights were poe-
slble at condltiors well on the unstablo side of the cal-
culnted btouadaries.

3. A B was incroased, the difficulty of mairtain-
ing laterrlly leval flight with ailerons became grester,

) 4. In goneral, the flight behavior became worse as

# was lancreased. Satlisfactory flight behavior for mll
loadings was obtalned, nowever, with small dlhedral and
large vertical-tall areas.

Langley Momorinl Asronautical Laboreatory,
¥etionnl Advisory Committoe for Aoronautics,
Langley Field, Ve.
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VALUES OF DERIVATIVES USED IN STABILITY CALCULATIOLRS
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