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NATIOKAL ADVISORY COMMITTEER FOR ARRONAUTICS

TRCENICAL MEMORANDUM NO. 741

THE CALCULATION OF LATERAL STABILITY WITH FREE CONTROQLS*

By Gotthold Mathias

SUMMARY

Every report on dlsturbed lateral motion published
heretofore in German as well as in foreign technical 1it-
erature, stresses the mathematicsl treatment of the whole
asymmetric motion processes, lnclusive of the control ef-
fecte, The practical requirements for the airplane de-
signer are in most instances only pPemisocuoudly touched
upon without any further detalls.

The increaseA safety requirements, particularly for
commercial airplanes, made 1t seem necessary to give the
airplane manufacturer in slmple language an explanation
of the theory and of the ensulng structural requirements.

The applications to modern airplane designs necessi-
tated a corresponding modification of meveral of the old
theorems. This applies particularly to the introduction
of the constant "fussalaze proportion® in the directional
stability (cﬁso). to the constant "wing proportion" in

damping 1n yaw (c&s ), and to the constant roll stabili-
<]
ty quota for the complete wing without dihedral (c,'nq ).
o

On the other hand, a detalled discussion of the effect of
forward vertlical tall surfaces could be omitted in this
connectlion.

W th the revised equilibrium formulas, the most im-
portant phase of lateral motion, 1.e., the lateral stabili-
ty, could then be treated. The formal derlvatlion of the sta-

*rD15- Settonstabllitlt ‘des ungestevnerten Normalfluges und
ihre technischen Vorbedingungen.” Z.¥F.M., April 14, 1933,
Pp. 193-199; and April 28, 1932, pp. 224-232.
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bility conditions offers nothing fundamentally new, dut
contrary to Fuchs and Heopf (reference '6), we retained the
effect_of the path 1nclination up to the formation of the
stZb¥iTty bquations 'in thé development,

The complete discussion of the general motion follow~-
ing a disturbance could be omitted as 1t is not of great
slgnificance so far ag the airplane manufacturer is con-
cerned. 4s to the factory 'test pilot, his primary inter-
est lles with the most important slgn of instability: the
spiral curve wilth increasing curvature. Other signs of
1n$@f¥f€ﬁdht dyndgmic -stability hitherto less noticed be~
cﬁ?k%-&%ﬁéﬂ?f@huedt-and,ohitted by Fuchs and Hopf, are the
dhidsEbFe ‘og¢iIlat Yons, slmultaneous rotary oscillations of
o qfprEﬂe:iﬁ vaw ‘and ‘roll, and center-of-gravity oscil~
latidns dPout tke dirsction of the main path. Thils form
of métion 1s a result of insufficlent directional stadbili-
ty and cen bacome the more evident as the roll stability ..
1s higher. The separate determination .of directional and
roll etabllity is - aside from the difflicmlty of conclu-
sive proof 1in flight - no satisfactory characteristic for
lateral stability. Oh the contrary, it must be complement-
ed by observation of the motion proceas following a lateral
disturbance with free or neutrally fixed controls. The
lateral stability may be considered as proved when, fol-
lowing a disturbance, the alrplane tends to reestablish
its init1dl condition of equililidbrium aperiodically with de-
creasing path curvature. -

. The discussion of the structural metlods for obtain-
ing lateral stability discloses the remsrkable influence
of .the constant fuselage and wing proportlions- to the yaw-
i1ig mements. For the effectiveness of wodifications in
vertical tall surfaces and tail length these quotas -
little observed heretofore, in this cdnnéction - are de-
cisive.  -This also applies to the amount of dihedral of
the wing with regard to the roll stabllity of the complete
wing already, existing without angle of dihedral. )
Because Bffﬁhe constant moment quotas, markedly smallw
er dihedral angles are more nearly always sufficlent than
Relssner's well-known old approximation formila (reference
2) led -ome - tH -Bnticipate. -+ The data for iteemount can :be
“obtatnedlfiﬁﬁ-bhe~g#aludte&'6—nomponent'megeunementa in :

the wind tumndgl. ¢ . . e - £

The structural ﬁeans which foster lateral stability
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are: 'pbaﬁtive roll stability (dihedral or:sweepback) and
duigllest posaible rolling moments in yaw (appropriate plan

fﬁﬁdfﬁfob twist of wing); then, strongest possidble damping.
fﬂ'yaw (long tail, large fin and rudder) end moderate rel-

n:

1

ative directional stability (attainable even with good ab-
80 gte directional stability through inherently dnstable
5$§§1agg with large fin and rudder).

i-—r e

- o

The adventage of lateral stability for control of the

"a3rplane cannot be Judged from the point of view that‘the

“"Iaterally stable airplane is perhaps able to meaintain of

1t8 own accord a once-existent course direction, Just-as
little as 2 fore-and-aft -stable airplane 1s expected to:
keep flight altitude of itself. Course direction and
flight altitude are purely ,navigation concepts which cannot
have any direct bearing on the airplane which follows the
aerodynamic and mass-mechanical laws. Béesides, 1t 1s im-
materlial whether the steady equilidbrium condition is a
straight or a flat, curved path; in pitching, for instance,
the equilidbrlium condltion may equally be with level or in-
clined flight path. Asymmetries in equilidbrium condition
can be modifled with the ailerons and the verticel fin as.
readily as nose or tail heaviness can be corrected by de-
flecting the stabilizer. Then, too, the effects of engine
torque and propeller slipstream or the stoppage of a wing
(outboard) engine of multi-engine airrplanes occur as sym-
metry interferences in the latersl motion, and as load
distribution changes in another corresponding manner in
the longitudinal motion. 3

The value of the lateral as of the longltudinal sta-
bility lies in the fact that flight attitude - onpce ob-
talned with the customary auxiliary means (fin adjustment,
control balancing, etc.) - 1s automatically maintained ' .
without actlon of the pilot and antomatically reestadlished
after every disturbance. The type of 1initial equilidbrium
condition-is of no moment; all flight attitudes occurring
within range of moderate disturbances of symmetry,, symmet-
rical straight flight included, must be uninterruptedly
stable. In thils case, maintaining the course anﬂhé;t}tude
is also markedly ‘easier for the pilot, although .never to
the extent of making speclal instruments altogether super-

) s T

fl‘ubus- . . 2

~

It is not the function of automatic contr;i,aé;iée;

to sudbstitute for ingufficient inherent stabllity of the
airplane but rather to ald the exlstent inherent stadbllity
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by . cnntgqf gbveyepte, Ready aqa quiet operation-is contin—
gent -upan.. the,yremiee that the pértinent control settimgs’™

~tend. to-return.tie. ai; iane ordinarily toward steady equi-

_atbréum pgp#itione e;e nst’ the .direction, of' the disturbing
motdion, -.But.this. pon¢ $ion 1s met only with_inherent air-
plane stabiiity and’ 1s:its characteristic:

o !

ni; %..000brollapility. and stabllity are closely related;
poth-are nenally 1nterwoten in" the theoretical’ treatment.
eepecially in the gubject of lateral motion. - But from the
point of view of the practical flyer, it seems more useful
to elucidate the stability relations before attacking the
problem of controllability, The investigations available
thus far Jjustify this order of segquence insofar as they
have proved the favorable effect of the stability on- the
coantrollability. For this reason it may not be amiss to
include hereinafter (as references) a list of the reporte
on Lateral Stabllity. (See page 43.)

I.. INTRODUCTION

The conslstent growth of Geruwan commercial aviation
supplied the necessary impetus for greater attention to
flight performance from the point of view of safety. Be~-
ginning with the range of longitudinal motion, it was
found that ample longltudinal stabllity 1s today a gener-
ally admlitted requisite safety measure. But a definitely
satisfactory lateral stablility 1s still in 1ts stages of
development, although 1its theoretical aspect has been
known for nearly twenty years. A4dmittedly, the combina-
tion of stability in yaw and roll obtaining with lateral
stahility presents an obstacle for the alrplane designer
which does not exist with longitudinal stability in this
form.

Little lmportance attaches to lateral stability so
long as the pilot can visidly percéive any change in air-
plane attitude with respect to the natural horizon. The
growth of a disturbing motion accompanyling the usually
small lateral instability is so slow that minor control
movements, sometimes almost subconsciously, suffice to re-
eet{blieh the steady equilibrium attitude. But in "dlind
fly ng' the pilot doeb notroecome cong'cious of changes in
bink and rate of yaw ezcept by reading the turn indicator.
The previouely tactunally executed corrections then become
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inteat{ional -maneuvers. In the laterally’ unstable airplane
s +4Re~biri.- Windidatox- -becomes ’ an’ irngtrument- for "balancing"
the disturdahces of an’ nnbthble Eiigﬁt attitudé, whereas .
‘Atd faildre rémoves any* reiiabie*hsenrance for-the -avold~-
aiice and timeiy-norrectlbn of’dangeroua attitudes: . It ie
‘hare that  the" laterai ttabiiity ‘tan” contribite to a’ per-
éeptible relief of'the’ piiot by automaticaily removivg

'—email disturddnces. " Tﬁb‘impbrtance-of the turn {ndicator
854 the bankihg lével" for: the lateral control is here lim-
ited - similatiy to that"of the dynEmié pressure recorder
and.the pitching indicator - Yo the control of the longi~

5“tudina11y stable ‘alrplanes” Tn both cdeaep the inatrumenta
reveal primarily‘the kind of" momentarily-existing condiZ®
“t16n of equilibrium; minor- deviationa from the original’
attitude may disappear azain’ without:aétion on the part of
the pilot. The aim-0f:'the”dévelopment must be to enable"
an airplane to maihtwin-its‘attitude’ of ‘equilidbrium morei
evenly by means of 1ts inherent stability than afforded by
control movemente._

The reports published heretofore on latersel stability
stress the mathematical agpect and tke whole course of mo-
tion, as & result of-whith'the ailrplane manufacturer is
forced to critically*analysze-almest the entire material: be-
fore he can hope to obtailn' any data -which may be of use.to
him. This is the-reasoh:the’available data have not as-
Yet become general Xnowledge 1n préféssional circles. The
present -report 4Antends to separete the technically impdr-

s tant facts from the hathematibal theory and to make them
more easlly’ understood in a form familiar to the aeromau-
‘tilcal engineer. SR . < .

Scope.- The stability in yaw relative to minor dis-
turbances of equilibrium attitude can usually be analyszed
ag distinct-from the mdétion in roll. This applies in par-
ticular to level flight and flat turn at medium angles of
attack and small angles of bank and sideslip. The motions
in turne with considerable bank may not be summarily in-
cluded in euch eimple fashilon, and they are omitted in this
report.

‘The slope of the flight path to the horizontal plane
may ‘be ingluded in’'the sfmplified analysis of yawlng mo-
tion ‘without rendering 1t substantiamlly more difficult.
This obviates the limitation to level flight which obtains
in noet German reports.

. -
.
L - - .. .
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v, i'mWhether £Iying with hands off aon:.on.the controls,
follkdwing an autsilde disturbance the.girplane ‘executes only
the~free balanéing motiod prescribed ..by..lts inherent sta-
Bility. "With control displacements -thege halancing motions
axe 'fuperposed ion the forced transition .in the new equi-.
1ihpiup attituwde, which corresponds to the new control set-
tingmir A8 :acresult the analysls of inherent stabllity .need
Bet-irgiude--any detalled dlscnssion of ,tho .related .problems
-gf icensrollability and may be limited. to the-free mpgtions
abaut-a- defigite. ateady attitude of eqnilibrium.- P
-~ P Loy LY
o The principal axes of inertla of. the airplane are used
tao‘denote -the body axes of the coordinate pystem, .to con=
foym.with thg:'conventional German system of notation (ref-
~grenge 6). -An exception is .the poasitive -cense of direc,.
tign of the longitudinal axis which here .1s-chogen as ]
peiniing rearward, as explalned elsewherc in the report.a
II. DISTURBANCES OF LATERAL MOTION

R Y ST FUR

Such .dlsturbances are followed by the chenge of three
-=zquantitiea, ‘-whose inltial value 1is reprgsentative of the
ztype-of .initial attitude: the rate of sldeslip of the plane
of..symmetry of the alrplane in direction of the pitching
~&€xls, the rate of rotation about the axis of yaw (rate of
yaw);, iand thé rate of rotation about the axis of roll (rate
of -¥oll). The most elementary case is perhaps thoe straight
flab glide without pldesllp with almost zero propeller
thrust. In other normal inltial attitudes.the line of ar-
gument 1s the same for the disturbing motion. which 1s
s&mply snperposed on the 1nitlel motion. .. * .

..;.?l .
“e The 1n1t1;1 .conditions for astralght sieady flight
without banking and sideslipping is: . .t o,

Rate of sldeslip = 0 for axls of ﬁitehing.
Rate of yaw = 0 for axls of yaw,
Rate of roll = 0 for axis of roll.

Assume the source of disturbance 1s.a sudden .rate of
sidesllip., The effect of the induced alr lgadp:ron.the air-
plane depends:on the relation of:the rate-of sideslip. in:
direction of axis of pltching to the foryard gpeed-in di-
rection of tho axis of roll. This, ratlo,-whigh.ls:nsually
small in a disturbance without control movement, represents
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the’ ansle ‘of-gldesllip between the symnetrical plané of the
airplane and the resultant flight path dlrection, which
Herewith occurs as real decisive variable 1n place of the
rate of aideelip.

- The angle of sidesllip causes a cross-wind force trans-
verse'to "“the flight path as well as rolling and yawing mo-
'menta. “he thus promoted yawing motion of the airplane

'fﬁﬁﬂ'engdnddre further rolling moments ae a reault of tlhe

dffference ‘10 wing-tip speed, and this dhange in banking-
fiffTued deg 'in turn the further course “of '‘sideslipping. -
Codvdequently, rate of sideslip, rate of ‘yaw, and rate of
o1l Are 1nt1mate1y related in disturbances and may not

"bé -Analyged separately. Nevertheless; the first assumes a

ledding roloe by virtue of 1its direct "efféct on the aerody-
namlc loada. Any lateral dilsturbance of any source what-
soevor, ends in changed angle of sidéslip which in turn
arouses the stabilizing moments.

Yawing -and_rolling moments due to sideslip.- The gen-
eratlon of -restorin; moments ‘following the disturbance of
equilibrium about one of the ailrprlane axes, lndependently
of the acceleration attitudes in the other course of mo-~
tion, 1s representative of its static stadility.

For the normal (yaw) &xis, canse and effect are immodi-
ately clesr: 4n airplane 1s statically stable in yaw when
the moments of the alr loads, due to anzle of sideslip as
a result of yawing, tend to return the alrplane in the di-
rection of the alr stream. The Engllsh call thls quality
"weathercock gtability", while in Germany, it 1s kXnown as
"directlonal stability", This term is permissidle when
bearing in mind that it only pertains to th'e directionm of
the plane of symmetry of the alrplane relative ‘to the ailr
strsam but not with respect to 1ts neadlng relative to the
horlgon.*

*Having no physical Justification, it 18 mislesding to speak
of restoring yawing momente .as beilng 1ndicative of direc-
tional stability. X¥o alrplane is stable in yaw per se.

The use of a compass wlth automatlic course control may of-
fect a stahilization of the direction. Thls kind of course
stablilization represents no airplane characterietic. but
rathor the tranafer of a quality of the auxiliary instru-
ment to the airplans control.
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Th@_ampun& direqtion of the yawing moments are ..
goIIeE'hm Ehe, p.qf wingnﬁ‘fugelage. and tartiqal
ap;ﬁnpes..fﬂ th i;mmet iq fr ilqyﬁ,jhe wing BT
duces yawing moments whoee magnituds dependa axy. 1t Pplan .
form and the dihedral (reference 17)., The component of the
fuqelage coqgripes 81l quotas.of .the.structural components
1iqh by .their presence may produce, stahflizin; or ungta-.
‘li;in;,aerodynamic momentea, such af qngine mountq. wheqls.
flpatg. otge | The moments of the yerflcal contral anrfaces,
1 the peunge of tie ensuing stability .analysis, o;iginate
ag’ air-loa& effaect on thosé guilde surfacea which as hero-
dxnamicglly independent tross~-wind units,. exteni beyond -
tna.top {2t times glso below the bqttom) edﬁa of the side
Axea qf the, fuuelage. Airplanas with vexy high rear fuse-
'laga nge haye.agoording to. this pon&ept in most cages a
very.small tail area, but at. the;_ e time. a more.or less
pronouncad inherent stability of | he fuselage in yaw.

In modern designs the applied moment of the alr loads
2t the fuselage usually lles shead of the c(g. of the ailr-
planp. B4, that in sideslirping the fuselage .£enerally con-
tnibutog -an nnstabilizing component, in absplute amount
abput gqnal to that of the stabilizing ~vyartical .tall surq
faces of conyentional -8dze and arrangement. : The amount.
of directional stability can for that reason become very
.:.8engitive against dleplacements of the mmss .center of grav-

’ iﬁy in, longitudinal direction of the fLaelqge.

. ‘AB to the lonbitudinal axis. we cannot spaak af direct
stgtic stabllity. except with qualifications. Aftag.ﬁ ro-
tation of the airplane about its lonfitudinal axis (roll),
its, plane of symmetry 1is generallx no longer £iight path-
wisé, ~The deviation is, at small angles.-prqportional to
the anglo of attack between lorgituiinal axis -apd flight
path gnd the. angle of dank, and for the moments at the . .
‘airplene it is equivalent to sideslipping. In ths here
discussed normal-flight attitudes with very small anglea
of attack between longitudinal axis and fllght péth this,
'"esymmetry can be disregarded against the actual anglef af
sideslipping, but at greater anglceas this omission is an- .
parently ad- -1on5er Justified. _ S E T e

- '7

s Turning the plane of symmetry of tae airplane ont af
thegravity directlon,  disturbs the equilibrium ‘of ‘the + '
crdss-wind forces and oromotes siﬁeslipping. through which
the restoring rollirg moments may ve aroused. -These mo=-
ments are typlcal of static "stadbility in roll." Their
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inception as with the directional stability 1s contingent

- upcnsthe appearance of.&n angle of dldeslip between the

Plané of symmetry- df the airpiane and the direction of the
‘flight*path. :

..-.; -

v. . -

The' stabilizing rolling moments are predominantly
qupplied by} normal fcrbee on g wing of appropriate design
(dihe&ral. qweepback) (reference I?i The effect bf the
cross-wind fordes applied above ar beIow the ‘center of
gravity is relatively: subordinate. The angle of swebpback
being fixed within narrow Iimite by the conditions of - lon~
gItudinal etabilitx and other deatgn measures, the dihe-~ .
dral "is ‘the only ‘design quantity which, affords an effee¢- '
tive influence of the stability in roll:" Sideslipping on
a2 wing with dihedral acts ag .an increase in angle of at-
tack on the advancing hdlf ‘and ap .8 decrease on the fol-.
lowing half wing. The rolling moment due to this asymme-
try depends upon the aerodynamie qualities of the wing. .
For different plan forms it may 1n first approximation. be
made proportional to the distance of the geometrical cen-
zer)of gravity of a half wing from the longitudinal axis

By

This c.g. distance is.'for.severai simple plan forms,
as follows: to

8
Constant chord:_ - 5%5 = % = 0.50

Elliptic in chord: no= -3-%1-'# 0.42

P Parabolicin chord: - " = % = 0.40.
_Triangular.in chord: " = % M 0,33

-~ . g

In practice the value —%5 = 0:4 represents approximately

the usual lower limit.- ’
The concurrent effect of an angle of'eideelip on the

yawlng and rolling moments of an alrplane is decisive for
the entire yawing motion. The stability in yaw - even in

unaccelerated path motion - must be insured not only through

the existence of stadility in roll and yaw but also through
their correct mutual acecord,
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trosnNinm moments due ko . mawrgnd- roll,- Iu wandisiurded- lev-
elaflight -the alr loads ere distriduted: ppanwise. -Any:
seisynamekny -at-the inside panion 0f, the..wing..owlng to fusq-
lage and slipstream effect may be disregarded.becausq .theair
static moments abount the c.ge. of the alrplane are small
compdred.:to the praportions:ofathe -auter wing parts. The
atakde moment:of -a half wing depende-aon the 11ft guots per
uail Xength-of sran, thd 11F% :densitys. Thie 1ls contingent
upon:tie-loeallky effective cizculabtion strength, that is,
“bkd4loeally offective angle-of .attackiand the alr stream .
-pajotity togethey with the correspording wing chord. The
"idgal" -gpanwise-11ft donsity 1s, as Xknown, elliptle, al-
though. in.practice the 11ft dietribution ranges from rec~
kengunlan:ita parabolic.

- tAonf

Yauing and rolling ie followed by deflections of the
Liit_deneity to unsymmetrical forms, that 1s, spanwise un-
sympretrical change of air stream veloclty and directlonm.
PHeonsning moments are of fundamental importance-for the
entiré. course of disturbed motion. -

The moments dune to yaw are primarily the result of
changed alr stream velocity, which increases at the advanc-
.ing -kalf and decreases at the followlng half of the:wing.
The yawing moment is an effect of the modified tangentlal
load distribution and sets up a damping in yaw, whereas
the rolling moment due to the changed normal load distribu-

tion has an uangtabilizing effect.

Both moments are proportional to the rate of yaw, the
forward speed, the wing area, and the square of the span.
They also manifest a marked dependence on the type of the
orizinal spanwise load distribution. TFuchs and Hopf (ref-
erence 5) considercd only the most elementary limit case of
roctangular alr-load distribution. According to thils as-~
sumption, the result in the majority of practical ‘cases 1s
an unduly large rolling moment (up to 30 percent) beccause

- 0f the disregarded 1ift decrease at the wing tips. The or-
ror for the yawing woment 1s usuelly.less, .as the propor-
tion of the induced drag rather reveals o density rise in
the outer.portions of the span (reference 19). The magnl-
tude of both moments depends on the geometricel rading .of
gyration ‘(1) of the air load distribution figures, For
comparison we append several simple 11ift. diatributione for
8 half wing- .. . .-
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e, Semiellipse: v ?'-é-“--i—'--'-'n 0.25
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Parabola: 35 A 0,23

. .Rectangular winéa wlth high aspect ratio show rectan-
gular distribution at. small-angles of attaegk; the ellipse
oa each half-wing may. approximately show a disturbed dis-

. tribution in the center, the semlellipse correspomds to

the "ideal" distribution, whereas parabelic distributlons
ogcur, for example, on extremely tapered or twisted wilngs.
A more detalled ilnvestligetion of the tesngentlal losad dis-
tribution 18, except for tallless airplanes, mostly not
worth whlle because in yawing the damping effect of the
wing recgdes. apart from that, relat;ve to the damping in
yaw on account of fin and rudder.__The prenige of uniform
tangential load density (rectangle) should suffice in prac-
tically -all cases for a satiafactory egtimation.

- A roll sets wup wing moments as a pesult of the changed
air-atream direction; the concurrent change 1ln velocity is -
subordinate. The modified angle of attack for.the indi-
vidual wing parts followe from the vector sum of the pe-
ripheral speeds about the longltudinal axis of the air-
plane with the forward speed. The rolling moment effects
a dauaping 1n.roll; at the same time the unsymmetry of the
tangential forces causes an-additive yawing moment during
the.rdll,- . -

These two moments are proportional to the.rate of roll,
.the forward speed, the wing area, and.the square of the
Bpan,, in additlion to the plan form and the aerodynamic
characteristics of the wing. Here also Fuchs and Hopf (ref-
erenqe 6)-give omnly the most elementary 1imlt case of span-
.wise uniformfincreaae of . -alr-load.copfficlents for the unit
changs of" airawtream directipn.. The . omiasioa=of the: bennd-
ary effect, particularly for the rolling moment, again re-
sults in misleading figures (as much as 20 percent too high),
Data for an approximate calculation of damping in roll with
coertaln wing forms and elliptiec 1ift distribution may be
found in ¥.,A,C.A. Technical Report No. 200 (referemcse 18),
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and DVL report (re;erence 22). Ae to the yawing moment,

the error should perhaps be less slgnificant. The possibll-
ities of the 1nitial tangential load distribution and its -
change with thae angle of alr flow are so difficult to. sur-
vey, that the estimation of a mean rise of tangential load
for the whole span 1s almost imperative. Since this has a
posltive slgn at small 1i1f¢ figures but- gene:ally a nega-
tive sign at modium and large 1lift figures. “the yawling mo~
ment acts in normal fllight attitudes mostly toward a for-
ward rotation .of the half wing receding in the motion of
roll. In any case it 1s always relativeiy ‘small compared
to the other yawing moments dune to yaw, so that a small
parcentoge error. in estimation dhould havq § ¥s) appraciable
eiﬁpet pn the. results. . ' . At

Hith‘aiLerons relea&ed‘the wing momenxs-are dependent
on ths momantary angles of. deflection which -the ailsrons
assume duringxthe motlons, 48 the woight momonts are to
balance”within the. aileron control -and the control frilction
1s to. be-negligible, the, sum of the aerodynamic moments at
both. ailerons muat become zero. . Apart from the elevator
settling the aileron moments are. dgpsndent on: profile form,
plan,form. an& dihedral of n;ng, .plen form,: ‘balance, and

..differentiation of ailerons;. .angle. of, attack, sldeslip,

rate of yaw, and rate of roll at. the pertinent moment of
the whole flight motion.

1}1 these quantities ‘are mutually and in part very
clogely .-related, which renders llinear or other elementary
analytlcal formulas lnapplicable. - For thls reason, the in-

clusion of frec allerons in the eguilibrium equations for
lﬁteral motion (yaw) must be omittod. ., ;- ..

_ Thg equllidbrium equations of yow. -&)wg;osgkgigg .
;g;ggg.- Supposling that for any reason of dilsturbanice the
airplane, flying level, assumés a dissymmetric motion, 1its
ipitial amount being denoted by a dbank -w.:. with respect to
the horizon and a sldeslip 'T relativa to ¢he air flow.

LI N

In & bank the plane of symmetry of tha.&implane 19 .no

.-longer gravity-wise,: with the resnlt that: the.accelaration

on the c.g. of the alrplane acts with .g :latdrak :component

.-corregponding to ein pv In gn initlaldy end subsequently

assumed constapt slope of the fligit path relative to the

;. horizon of amount- @, this latoral gravity gomponant.per-

pendicular to the flight path amounﬁa o -

R = G 008 Po 8dn Bt et e i




F.,A.C.A., Technical Memorsndum ¥No, 741 13

or for a gentle banﬁ.

- =y -_ = ara on

- -

Z, =% cos @ i oo (8)

The angle of sideslip causes slde loads on the ailr-
plane, the amount of which is contingent upon the sides
of the fuselage and other similar parts, the wing setting,
and the area of fin and rudder. Eowever, these side loads
are not of declsive importance for the total course of the
enguing motion; although they may, at the start of the dla-
turbance, cause in alrplanes with large fuselage sides, as
favored in modern design practice. play a notliceable role
for the force equilibrium. Without it, a "esideslip curve®
with gentle bank 1s inconceivabdle. oL

In sldeslippling with power on, there ls an added com-

Ponent of the propeller thrust §,.- athwart the flight path
amounting to .

. S sin T m (cy ¥ % V2 + G'ain Pp) T

"'The"totai'etde load due to sideslipping at moderate side-

slip angles T 1is
Zt + G sin Po T =

oc dc

%0 n \P

(— —g_r—_l_'o+$:9- Fg + oy T )5 v3 + G 8in Gof T (8)
- Owing to the side loads Zu and 2Zq1 due to banking

and sideslipping, there is & deviation from the hitherto

‘existing flight-path direction. The airplane instead of

flying - level now, goes into a flat curve, whose radius .
with the time rate of change in route directlon (rate of
turn V) and the horizontal component of the path velocity

s (v co6a Q). 48 a result, there 1is a lateral centrifu-
gal force

Z¢ = % v cos Qo V . ‘(75
at the c.g: 6f tﬁe alrplanes.

During the motion of disturbance there are other side
loads due to the angular velocltles about the alrplane axes
(damping lomde). The damping loads due to yaw a&re negligil-
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ble relative to the centrifugal force.::-These -die & rolF
may, with pronounced wing dihedral, reveal mathematically
{{ractable lateral componefité#; althoygh with the customary
dihedral anglee. they are of negligible order of magni—
t‘m&* Lo - '...--‘.' S hra e punn "'."-"'r-'-‘{-." 1.

CRY - JE oy Te oo Ve I-
a Eow tha,equilibnynm,equ&hioqe of, the groee-wind forcee
with due allon&nce a8 %o, dinection ‘aRe - 0

-a} L (zT £, 812 @0 7). -uzy,'= 0 (8).
. ' —'- .'.' _-\.'I'I-t.p g;-rl.:-i'l. - o -
mHerein the: 1nd1vidna1 le&dsﬁwfq'rritﬂcn ceﬂformably to
%5):, (6), and (7). : Tl AP TT R XTR ¢ - ) ~

".-.-.::Ilﬂﬂ'l"'-_.' ) ) .J-_’q

D) Yawing mom momente.- During an aeymmetrical motlon of
-+hre alrplane the angle of wildesdlip ‘cavides yawing moments
ii:whose diBfection 1in a .staticdlly unstadble airplane tends “tio
an increase, in a statically stable airplane t0 a decrease
of the angle of sideslip. These moments, priancipally due
to fuselage and vertical tail surfaces, are typical of the
directional stability of an alrplane; they follow the esguna-
tiop; o L . + . . . : Lo T

-:-:'-.\. L

"

Ly = [e,_,'lso Fb+cp, Fg lg] %va T R /(1'6)‘:

The yaw causes damping moments proportionate to the
rnte of yaw wy. The pre&bm&nant_proportion 1 due ta the

vertical tall surfaces whicH during the Totation ezperim

w®
ence & change:ln dir-speed .directlon .amounting to v L,
Added to this 18 ‘the mathemattbaily "difficult tractadle
proporbtion’ of the‘fueelage ‘gides rotating adbout the c.zas ‘of
the #irplend,’ small for lnkerently stable fuselage with
high redr édge, dut perhaps worth considering at the tail
"ends - The Wing also contributes its quote, whick with Inrge
-8pay ortaiTldes trpes may be ‘effectively noticéd. The fu-
selage quota can be pimply added to the usually much gréat-
er wing quota; both together form a "damping fector":

N

1

Cdg, = 5[01; \72

+ Lwy_’uselage .
. Dml— 2 Y e
Fbsgs a3V

~

[
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l . The total damnging in yaw is expressed as
L =[i=d-3'b’+c'-r'1;=§|p—vm" €9b)

. During roll the asymmetrical distridbution of the span-
wise .tangentlal loads sets up a further yawing moment which,
according to a previous section (page 10), makes this "yawing
moment ian roll" tractable to

: log = ofe) T 5 5 v os - e

The proportion of the vertical tail surfaces may be disre-
garded, firet because 1t is negliglble, and second, because
of the uncertainty of ite air flow as gffected by the rota-
.t4don of the wing.

: The aerodynamlc moments Lr, Lmy. Ly, must balance

tne mass momente dde to yaw. The equillibrium equations
of the yawing moments then read as

ZL=%1§&)y+Lmyf+LT-me=0 (10)

Tne aerodynamic moments sre inserted according to (1v),
‘ (9%), and (4b). -

c) Rolling momengg.— In the pressnce of static stabil-
1ty the sideslip-followling & charge 1ln bank sets up a roll—
ing moment which tends to nullify the produced bank. This
noment 1s almost entirely caused by the wing at which with
F approprlate design the angle of -sideslip produces asymmet-
rical changes in 1ift distribution. This effect of the
lateral stability is expressed with

. 1 cam' By, L
L B B e
. i . ™A
L. - The .yaw sets. up 8 . rolling.momsnt as a result of the

unaqual speed.of the two wing halves., This asymmetry

tends .to tip the airplane toward the inside. of the yaw.
According to 2 preceding section (page 10), it should also
be possible to promote such an effect. for the horizontal
tail surfaces, which because of negative 1iff would largely
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P . nee .y

oR gose the roll;ng mement .of'the wing. Moreover, & high

tical tail group coald contribute a proportion in the
same direction as the wings. But the proportions of this
.x%ail group pre-pge,small compared to the wing moment and
bésidqa,;so unagrtaln; -owing to the effect: of wing and fu-
. aekage 'that. thelr :inclusion would not bde justified. Thus
the "rolling noment in yaw" may be accurately enough ex-
pressed wilth

st 1
P K(ny_Eanb( )""VOJy (3b)
« A roll 1is further'opposed by a damping moment in roll

. which again 18 almost exclusively due to the wing. The
proportion of the horizontal and vertical tail surfaces 1is
altogether subordinate, besides being difficult to analyze
mathematically because of 1ts probadle effect by the down-
wash of the rotating wing.

The "lamping in roll" due to the wing 1s

1
L . Gn ba p
[+-]
sz 1+?.E.E°° 12 2
LA A

. ~The counterpart of these three aerodynamic mouments
KT,'_Kwy, and K,  1s the acceleration 1n roll in uneteady

.attitude. and wlth whose mass effect they must balance.
Accordingly, the equllibrlum equation of the rolling mo-
ments 1g

G .
TE= 154, + K- K- Ky, = 0 (11)

the aerodynamic moments are inserted according to (2),
(3b), and (4a).

e o et e et et St St ettt s et i e e e & e g e et " g et e

Thus far the equilibrium eguatlonms for the "side loads and
the yawing moments gave the proportlon of the“vertical tail
surfaces in ferms~of constant rudder setting, that is, _
fixed lateral control. Xow, 2s soon ae'this control is *e~
leaged, the rudder tries to bala..re the free moments act-
ing on it. This cnse has never teen treated in detaill in
previous publications.
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In sideslipping an aerodynemic moment acts about the
rudder axis, varyiug in magnitude according to the degree
of balance, and which upon release of the lateral control
displaces the rudder. £ this ie accompanled dy a dank
b and a rete of turn v 1t produces a mass moment of
the rudder about its hinge. Ite amount varies with the
magnitude of the resultant acceleration and its directlon
relative to the rudder axis {equations (5) and (7). These
two moments must mutually balance

Y
Crg Fg, ta, % v = - Mg.. (u - "ng cos Qo (12)

where Mg, 1s the welght moment exerted by the rudder
about 1ts axis 1f placed horispntally.

The ailr-flow direction at the verticel tall surfaces
changes comparatively slowly during a lateral motion of
disturbance, hence the rudder can adjust 1ltself practically
without inertia. The friction in the whole assembly can be
kept to a minimum,

At the left side of (12) the coefficlent er, 1s de-

pendent on the angle of alr flow and the rudder displace-

ment. According to wind-tunnel tests both can be expressed
in linear relations

Crg ™ C;a (ag) ag + c;s (Ps) Ba

At the right side of (12) the angle’ (u - !Ei) of ac-

celeration resultant and rudder axis is obtained from equa~
tion (8). The side load 21 (according to (8)) is, with
released rudéder, also dependent on the rudder setting, But.
this changeable tall proportion is gqulte 1nsignificant com-
pared to the other components, so that 1ts incluslion does
not seem warranted. Thus we may put

p

_va

u-—i)cos ¢o=7—0:1(1')1'

at the right side of (12), where ca (T) 418 the increment

of the side load coefficient with the angle of sideslip for
the whole airplane.
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.2 (Che .totel yawing mpment of the vertical tall surfaces
Vool s - g _
LE-L N : -p’ ' :
: o I"'B = Ons FB '1'8 "5' v3 - . . . (14.)
(o g7 - - - : T .
whe?d oy, 1s agaln dependent.on the angle of alr flow.:.
.and.the.control movement. Both can be expressed in linear
‘relation: ne

.. &

Cng = cﬁ, (ag) Qg + cﬁa (Be) Bs

When combining (12) and (14) the angle p; cancels
out,;” The nngle of air flow «ag 18 the sum of the angle-
of sldeslip T and angle of demping 1gWy/v. With the ab-

breviations

usr
mg,, = e
¥ Fﬂr tBr %
1 1 .
. = cng (Bs) cry (as)

cng ‘aa) crg (Ba)

the moments of the directiomal stability and of the damping
in yaw with released rudder in the yawing moment equation
(10) read as

dem dcng mgp 8q (T)
€ Bo B r -
Lo = | ——2 F b + r Fg lg +
T ot oBs cr, (Bs) ° °
ac' p ) . €
+ a::nrs 1{'§va ._(1'0)
ae p ) -
I'::.)y = [cd_ﬂo F Y o+ 5&? K Fg 1.5.3]5 v Wy (9%°)

Thus releeaing the rudder generally lowers the damp-
ing in yaw (9b°) according to the degree of aerodynamic
"-characteristics of the rudder (factor K < 1).. The diree-
" tilohal stability (1b€} is decrecased in the:same.measure -on
one hand, while on the other, the mass. moméenis.of the rud-
der are increased. This 1s in sensible agreement with
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Blenk's (reference 23) results for longitudinal stabllity
with elevator released. Admittedly,.the contridbutory ef-
fect of the mass moment at the elevator depends on the dy-
namic pressure, that is, on wing loading and flight attl-

tude, but for the rudder only on the wing loading, since

there 1is no direct interdependence between rudder dlsplace-
ment and dynemic pressure. The stabllizing effect of the

mase moment may become significant when the rudder.is|well
balanced aerodynemically (positive mg, and small crs(ﬁg)

and the slde areas of the airplane are large .(c&(T) large).

As (lbc) and (9b€) contain nothing new compared with
(1) and (9b) for fixed rudder, all reference thereto 1is
left to the section discussing the stability equations.
The derivation of the stabllity equations 1s the same as
for the fixed rudder.

e e e 2 et

ments (10), and of rolling moments (1l1) together form a
system of equations which gives the stabllity equations.
The rnethod of resolution 1is merely indicated so far as def-
inltely necessary for a comprehensive understanding.

The rate of yaw and the rate of roll wy 1n the
two moment equatlons foglowa from the superpositlon of two
different rotations each. Thelr first summand is the time
rate of change of the position of the plane of symmetry of
the airplane to the fllght path, that 1s, the rate of
change of sideslip (T) for the axis of yaw, the rate of
change of angle of bank (1) for the axis of roll. With
thelr second summand, they are by way qf path 1inclination
P, dependent on the angular velocity ¥ of the c.g. of

the airplane about the vertical axls, that 1s on the ensu-
ing turn of the airplane. This 18 readily lllustrated by
visuallzlng the two 1limit cases: With level flight path
the alrplane yaws in a flat turn; with steep downward path
the rotatlion of the airplane in the spiral motion is almost
excluslvely a roll. These relations are expressed in

Wy =% + V¥ cos @
T S (16)
Wx = Wb - '&' sin Q)o .

For this elementary case the rate of Wy and Wx can there-
fore be replaced by the derivatives of the varlables T and

. C
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iy - = - - e . - . » I~
- Lo [T L Rl P . R AN S 1 LI [

i ‘already exlstent 1n the differential equations and by
comiopents of , .y, . These three quantities are ,the real di-
rect variablée 6f tbe yaw.. .’ C ) e
. Hatipg written. (16) in. the equilibrium equationq. the

Forial derivation of the utability equations offers noth-
178 0¥ prticular” interoet. “But, by virtue of the retajhed
“latéral air load. and path slppe tne result manifests a some-
ihat reater completeneee than afforded by Fuchs and Hopf's
fb&uc idha (referehce 6) without loaing on clesrness.

l' .
E"-_

.4 " Pable I is'a- survey of "time factors" obtained aftar
reduction of the dynamic equilibrium equations to pure
time equationa.

The, coefficients of the “brincipal equation“ ﬂerived
from the solutlon formmla are: )

B=(kwx+ lmy)'l'ﬂ-r . ) =

—e—
o —— — - — g - - m

"

D = (iwx Ly - X Uy )+ £ (kp cos 9o 1 sin §o)+

¢ = Uy Tg, = Xy

-———— __—-—._

== -="T= > (21)
o+ s (kwx by - Ty to )
¥ = & [ (k 1“1_7 Ky, U1) cos 9 - :
s (kg  Ir, 7 Er 1y ) sin Pgl ]

(Principal quotas and decisive eummandg are uﬁderecored.)

i,

*The gecond may be saiely ellminnted 28 time mnit without
untoward effect on the zeneral validity as done by Fuchs
and FKopf (refererce 6).and othors.

:..;-“_.-. -t N " - b .-.-‘.--'._-”-: oty ., T L
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To insure dynamic stabiltty for the whole yawing mo-
tlon, .the four coefficients C, D, and B and Routh's
diacrininent . B = BCD - 3‘ % avet %e pesdtive. " This
corndition 'is readily met with 3.and & where the damping -
Ui ‘roll (kw ) and yaw (lw ), always positive in level.-

2t #1'ight, are decisive. and equally with D where a posi-
"t't1ve value for directional stability (1) 1is a primary

rsquiaite. The condition’ R >0 ; for D i mgintained
* within two limits, namely, P "BG (1L - E/c®) and -
D ﬁ BE/G. The first boundary sone lies far beyond the prac—
tikal range of normal flight, while the second, not men-
tioned at all by Fuchs.and EHopf, is of conbsiderable aerdme-.
chanical significance. With:fuifillment of the stability
conditions B> 0, C > 0, E_> O the limit R = 0 already
falls short before D =0 ‘43 reached.. By virtve of this
relationship, the conditions of.the dyarimic lateral sta- -/
bility for all normal flight attitudes can be combiuned 1in
the double ineguation

.
« €

'%'DP E>0 (22)

wherein B and C may always be presumed as belng pasiltive.

The satabllity dondition B > 0O 1s most difficult to
meet; tihe whole discussion of lateral st2bility 1s governed
. by 1t. This conditilon, first described by Reissner (refer-~
ence 2) on the basis of purely static equililibrium consider-
ation and subsequently elaborated on by Gehlen (reference
4), is unaffected by inertia effects end aecsumes the same
slgniflcence in yaw &8 the static stadllity in roll in the
theory of disturbance in roll. Xor this reason it is called .
"gtatlc lateral stabillity." : o

ITI, STATIC LATERAL STAZILITY

Among the five generalized stabvility equatlons of dig-
turbance in yaw, the "gtatic lateral stadility" (B > 0))
assumes a partlcular signlificance. Thls condition is eox~
pressed with two principel summands of egqual vslue but dif-
ferent signs. Consequently, its numericel valune caunnot
manifest very high absolute values aud is, moreover, very
sensitive to small changes in one of its components, so
that a detailed analysls appears Justified as well as nec-
essary.
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ofghighit path with stntle laternl instability.- In or-
-der to afford a survey of the procedure for obtalning
stdtic- lateral atadility indepéndent of the mathematical
conaiderations. the ecourse of disturbance forced under

the éffect of lateral instability is briefly descrided.

L

' -Ageume-that an alrplane flying level experlences from

r any cause of diaturbance a change in bank, say, in the .

: sende of a left bank. 48 the 1ift resultant continues 'in
the plane of gymmetry of the alrplane, a lateral welght -
~dohpdhent is' eet up which effects a left sideslip. ‘Because
ofr1te directional stabllity the eirplane now attempts to

“durn left into the latera)l sideslipping wind, while- the

-yrate of 'yaw is bounded By the opposing damping "in yaw.
At the.same time there is a rolling moment in yaw, propor-
tionate to the rate of yaw, which tends to turn the air-
plane farther into the produced bank, whereas the stabll-
ity in roll promotes an opposing, that 1ls, right-hand roll-
ing moment out of the sideslip. With dlrectional insta-
'bility the accelerating moments exceed the decelerating
ones., The turn into the sideslip recelves not enough damp~
ing to allow the rolling moment due to stadllity 1in roll
to successfully oppose the growth of the rolling moment
in yew., The bank and sideslip continue and the initlal
motlion of disturbance develops 1into & turn with increasing
bank and path curvature if the pilot, say, when flying
without tnrn indicator, does not take tlimely control ac-
tion.

The extent to which this so-called "spiral dive" may
actually develop, is impossible to estimate with the meth-
od for small disturbances applied here. The rolling moment
in yaw becomes markedly dependent on the bank; the dbalance
of the path-normal forces is modified as a result of the
rise in path curvature, where the now egqually disturbed
rolling moments appear, which also can effect the path
curvature appreciably. The analysis of combined yaw and
roll and its equilibrium aspects is extremely complex.

The first successful attempt in Germany was made by v. Bar-
anoff and Hopf (reference 9), and st1ll promlses to reveal
much information about the origin and behavior of danger-

» ous aftitudes in "blind flying."

e AR e ——— =

- But, after all, the unintentional development and the
initial course of spiral. motion is contingeant upon the con-
dition of static lateral stebility. 1In that respect, the
often employed expression of a negative value of the.static

-~

AN

~N
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1altere{'1 Bt’.n'bi‘lity ag " apfra.,l, mqtabuuq.ﬂ, i‘a J.agitmq'@e

rﬂ‘

Eggeét of ;;1gh attitude_ggg__dg&gyggggigggntgtiea
on ‘tHE ‘'stabllity équation.- The result of retalning the in-
1t1a1rpath inclination in the simpliflefd, equillbrinm equa-

ﬁﬁmné’is a fedt whlch Fuchs and Hopf. merely touched mponm.
éé}ﬂbugd 1t 15 e;praasly noted in”;ngl4gh neports (refar-
cey 12 ‘and I6). 'Static laferal sstability . (E > 0) - 1a.

mord : f"frcnu Yo obtain in climbing:., (9o > 0) than. dn..

*m%?ME giiue or level power flight: .aiyi.the same speed ::@ ‘v
(¥ £, . on! bélow the minfimum glliding; angle).  The practi-
cal q ni;doance of thils fact ;e ‘hard to estimate 1in its -
exte t iong as no flight.ﬁata Ox nathematical data about
the tbta} ‘effects, inclusilve:of elimbing, for example,  slip-
strpgm effect are uvailable 1n systematically colleoted .
ppﬂ evaluated form. 7The existeuce of static lateral:sta-.
“b111ty, with level,. flight- path: (cos @o.= 1, sin Qo =:0) -at
normal’ lift coefficients 15.1n any -case, indicatdon of! in+
creuae& gta%lc lateral stahility for gliding-at theé seme
Bpeed In ponsequence of. thia the closer investigation mhy
be- rektricted to 1eveluflight. ]

T 1ngertion of thn physical quaqtitiea 1nt9.1nequa-
%1bh‘{25)! which gives. the data of table I, .affaxds.a di~
rect hﬁrvey1, ‘All fpctors which are consistently positive-
ma¥- be’ ‘dnitted.’ Tne advantages of freedom of measurs.be~
ing here inferior to those of a clear formula, we analyze
tae eguation of static lateral stabllity for level flight
in the forn of

.-\

|" ..

1) .- R L

. ] .
15RE Cas fy oy .
‘:}{(-cmq; t 3 YE v) @ b] [c'?‘ﬂo T 'ba ¥ cng F i :I -

J-i!-

. . ) § ciee g
: [ . P e o
cn /In 2 3 [ ' " P
(¥here abbreviated, fy = —2 . (18)). T TiGaw
- . zcam . N LY - ¥
1+ S

The firset summand with positive eign, that is, stabiliqing
effect, ks tha product of static stabdility in roll (equa-
tion 2)-and -Gampirg :¥n yaw ‘(équation “(9¥); *the second’, neg-
atlve, that -1s, destablliging smmmand, contains the roll-
ing effect in yaw (cguation (3b) and the static directioaal
stability (equation 1D).
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’

Efficieﬁt static atability in roll can. nnlv be ob-
talned with appropriate wing design.. The dihedral (v)
15 ‘s ‘decisive. factor. A simllar, glthough inferior effect
18t @fforded by ‘hhe sweap'back (contribution .in: c,},q Y. Wind-

tunnel test data on this subject are scarce and confined

to plan formse .of constant chord (reference 17). Systemat-
ic. inveatigations of other forms (as of trapezoildal wings,
TOr instance) are hot ‘known. According to the measurements
heretofore it may  be inferred that, with emall dihedral and
swecpback, the rolling moments increase linearly with the
slabslip 80 that sweepback and dihedral can, ta a certaln
émtenk be’ mutually chaaged.*

The damping in yaw conptlses the quota of wing, fuse-
Iage, and other parts, vhich 18 less affected by structural
maaaufes and therefsre may be assumed as beilng practically
invdriable for a stated’ airplane form and. the largely pre-
< dominating- proportion of the vertical tall surfaces which
increnses linearly with the vertical tail area and as the
squgre of-the length of tall. Tkie- ratio of total damping
ia yaw to the cited variable guotae of the verftical teil
surfoaces.

:cds; F bR+ c£ Ty 15° cag, T b2 '
8= i = 1+ o=y (24)
cns ]‘s .Lg . . cns FB 15

may be caélled the factor of the "relative demping in yaw.'®
In 6rder of magnitude, it should be estimated at detween
1.2 ahd l.4.

The effect of the rolling moment in yaw 1ls, Decause
of factor ecp, dependent on the flight attltude. .With in-
creasing 1lift coefficlent, that 1s, decreasing dynamic
pressure, 1ts rise ls approximately llinear. -There 13 a
sxall balance in the varigble normal force distribution,
whose density in normal flight attitudes with increasing
1ift coefficlient usuelly rises faster at the inside pert
of the wing than at the tlps, and as a result of which the

factor (—7;) .1s.gradually decreased.

I'!l!he increase of rolling moments of a backawept wing 1n
yaw sihould be markedly ‘dependent on the profile camber, al-
though there are no experiments known to confirm it. With
the convantional wing section, a 1° dihedral corresponds

to about 2° to 3° sweopback,
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"YpHe static directional stebility consists of the
fixéé quota of the fuselage and that of -the.vertical tail
ayrfaces, which readtly changes with the-area of these
‘control surfaces. The ratio of total directionsl stabil-
ity to- the variable vertical tall-surfage quota

-t

cunael °ms' 7.+ cng ¥s leo ngso b :
3 N A ':':'o--,, Y = 1 + ~p——--— (25)
Sup sy il . € ""-rg 13 cna FB 1'5
NS + »

. T o H

K c&IIed tie factor of the "relative directional stabil-
ity." With directional instability due to inherently un-
stavle body and 1nsufficient vertical tail surfaces g < 0;
#Wilth directional stability but unstable body proportion
"0 < 0<'1l; with-directional stadbility and inherently eta-
"ble fuselage quota O > 1. Considerabdle practical signif-
“Ycance attaches to the "relative directional stability"
insofar as the "static rudder effect," that ig, the change
of a steady sideslip with the rudder deflection (37/3Bg).

is directly proportional to the reciprocal value of the
relative directional stability.

bility.- The purpose e of static lateral stability 1is to pre-~
vent a minor disturbance from developing in a bank with in-
creasing or even constant, increased path curvature, and to
foster a return to the steady, initiel attitude with de-
creasing path curvature. Ian other words, the curvature
reducing moments must be augmented and the curvature in-
creasling moments moderated. Consequently, the means of
obtaining statlc lateral stadllity are: good stability in
roll end high damping in yaw, together with very low roll-
“ing moment ‘in yaw and appropriate static dirbctional sta—
bility. ) "t

The requlsite structural measures become readilly apt
parent from the 1nequation (23a). The first bracketed
factors on both sides express the rollirg moment effects
whlch are almost exclusively governed by the wing design.
The two second bracketed factors contain the quota of the
yawing moments, which are almost excluaively contingent '
upon the design of the fuselage and the vertical tail’ sur-
faces. The primary requisite in wing deaignf}qf&ﬁ&gut“
performence and longitudinal stability. Thé “extert to
which thé ailrplane designer may-use the wing‘%%ction far
obtaining directional stability. depends updn ths inadcessd~



E.A.0.4h, Technical Memorandum fo. 741 27

bility of other measures. Hence we shall flrst analysze
the furtherance of directional stadlility through influenc-
ing the yawing moments and then ascertaln how static lat-
eral stability may be obtained dy acting upon the rolling
moments.

a) Action upon yawing momente.- On the stabllizing
slde of inequation a) we have the damping in yaw, and
on the deatahilizing side, the stability in yaw. With (24)
and (25), inequation (23a) can bde written as

o+ 2 o e 2] (3 (7‘>]H o

One noteworthy fact here is that it 4s not the absolute
amount of the directional stabllity that matters but rath-
er 1ts relative value with respect to the etablility quota
of the vertical taill surfaces, so that good directional
stability 1s not always eo ipso lacompatible with the re-
quirement for static lateral stability.

Now we analyze the appropriate measures on fuselage
and vertical tall surfaces for an airplane whose princi-
pal dimensions are mssumed as given in dosign, model, or
even in first congtructlion, dbut which lacks altogether or
is deflclent 1in lateral stability.

For structurally affecting the yawing moments, there
are tkre rise in cross-wind force and the vertical tall arca
(cn Fg) end the length of the tail (l,). The asrody-

namic efficiency of the vertical tall surrfaces, propor-
tionate to the product cna ¥y, may sensibly be consid-

ered only ap function of 1ts gunantity unless its own plan
form is also radically modified. .

"The magnitude of the verticael tall surfaces 1s given
in (23a) on the positive side in damping in yaw and on the
negative silde in the diresctional stadbllity. Both effects
change linearly with the control ares; btut the directional
stability contailns further the fuselage quota, the damping
in yaw the wlng quota as constant summands. - Enlerging the
vertical tall surfaces whille retalning the'same length of
tall, 1lncremses the lateral stabllity when
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°d' l"l:l‘+cn Ty 1°

) ) >0 from ine uation 23c
.a{..gcaao Fo+ en, T ( q ).

This condition is met when (with (24) and (25))

. rah

T O‘>5 _
- ide from ‘the comparatively rare ocase of high'inher—
" eﬂtiy tabie fuselage (0 > 1.2 ... le4). enlédrgement of"
the vertical tail surfaces generally results in Iower atat-
ic lateral stability. This interdependence 1s explained
with the varying relative quota of the vertilcal tail. sur-
#fages on damping in-yaw and on directional stabiliﬁy. Eow-
ever, 1f only the fuselage is statically neutral or gn un-
stable fuselage has correspondingly small fin and rudder,
a not&ceahle damping in yaw exists nevertheless. . Owing to
tais Ylead! of the damping over the stadility (notlceable
even for -inherently stable bodies up to the limit ¢ = §)
any enlargement of the vertical tall surfaces affects the
direotional stability relatively more then damping ia yaw,
and the result is less lateral stability. ——

) The absolute directional stadility may, without harm-
ing.the lateral stability equation..hecome so much higher
as the "lead" of the damping over the stabilizing effect
of the vertical tail surface change is greater.: From this
point of view, 1t is propitious to consider the body quate
as unstadble, then the vertical tall area needed up to neu-
tral stabllity supplies (because of its great distance
_from the center of gravity) a more effective degree of
damping then the side area of an inherently stable fuse-
ldge. The factor of the relative directional stability
which - governs the lateral stability, 1s here always less
taab' 1, because even the highest absolute directional sta-
bility about the unstable fuselage quota is less than.that
of the verticel tall surfaces (egquation 25). In that case
ingufficlent lateral stability may occaslonally, without
raising the stablility in roll, be improved by saocrificing
a considerable portion of directional stabllity through
reduction in fin and rudder area.

Length of tail enters accordinmg to inequation: (23a).
the static directional stabillity linearly, and the .damping
in yaw, squared. Whichever effect predominates for lat-
eral stabllity depends again on the constant quotas of
wings and fuselage. Lengthening the taill without modify-
ing the vertical tail surfaces gives a higher lateral sta-
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This condition is met when (with (24) and (25))

&
g > 2"
Coasequently, lengthening theltail is not always followed

by higher lateral statility. With unstadle quota of fuse-
lage toward directional stability (O <3 < .1) +the lateral

stability may appear poorer, which - without modification
of stability in roll - can only be corrected by simultane~
ously reduclng the area of fin and rudder. Lengthenilng

the tail while maintaining directional stability (o) by

redncing the vertical tall area accordingly, ls always fol-

%owe? by lmproved lateral stability according to inequation
23b).

Lengthenling the tall for the purpose of increasing
lateral as well ag directional stability wilthout modifying
the fin and rudder 1is successful only when the directlonal
stability of the airplane in the initlal condition is 1n
excess of epproximately two thirds of the stabllizing tail
control quota alone (§/2). Otherwise the stability in
roll mugt be raised at the same time.

The effectiveness of the structural measures for fa-
vorable effect on the yawing moments was analyzed on the
premlises 0of constant stability quota of fuselage with re-
spect to the center of gravity of the airnlane. On the
other hand, any enlargement of the vertical tall surfeaces
or lengthenlng of the tall tends to shift the c.g. toward
the rear. The center of pressure of the lateral air loads
wilithout vertical tall surfaces lies usually closely ahead
or behind the c.g., hence its stability quota 1is very sen-
sitive to changes in welght distridbutions; compared to it
the insignificent rearward displacement of the center of -
pressure by lengthening the rear end of the fuselage 1ls of
secondary importance. In any case, it should be remeu-
_bered that structural weasures for influencing the yawing
moments WIIT ‘not bring the anticipated .results. unless the
ensulng welght displacements are carefully analysed.

b) Influencing the rolling moments.-~ The two rolling
moments in (23a) contaln the aspect ratio of the wing as
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the only common deaign.quantity. The moment of the sta-
bility in roll grows linearly with tlhé:wing span, thet is,
ag the square of the aspect- ratio. cohtrariwise, the roll-
ing moment 1n yaw increases ag the sgquare of the -span,
that 18) . linearlf with the aspect, ratio,. Consequently,
the enlargement of the aspect ratio vitiates the static
lateral stability. To be sure, :tae concurrent rise of

fyy and § on the stabiliging side (23b) moderates this
digﬁdVﬁntage to a certaln degreeo.

":";"other effective relatione-of structwral nature do not
" 8xint  between the two rolling ‘moments. Laterel stadbility
1p. decidedly affected by the, dibedral, whereas the rolling
momenm in yaw 1s governed by the momentarily existent nor-
malpfoxce qoefficient that ie. the attitude of flight.,

i The etatic lateral stability is linearly decreased
.;with increasing lift coefficlent as a result of the roll-~
" {ng moment in yew, consequently behaves utterly unlike the
approximately constant and rather incressing longitudinal
stabllity at higher 11ft coefficlents. Tils fact lmposes
a .certain Iimitation of the requlrement for static lateral
etability 80 long as no means are found for counteracting
the rise of nqlling rmoment 1in yaw with tie 1ift cbeffi-
client. Until such time, & neutral stabllity 1imit at
around the 1ift coefficient of best gliding retio and a
minor iastability at higher 1ift coefficients will Lkave
to be considered as satisfactory.

The drop of static lateral stamaoilllty wlth inereasing
1ift coefficient car be closely restricted by influencing .
the spacwige 11ft dlstribution. The most conventional
method is -to twist the wing (reduction of (1/b/2). But
the . disadvantage of this metnod usually is 1its vitiating
~effact -on the induced wing drag, so that ite effectlvenecss
is at the eéxpense of poorer perforuagce :in flight., For
-tapered wings witanout geometrical twlst the rolling moments
in ydw are already lower thaa for tke rectangular wing, al-
though twisting would net be very effectilva, Goneequently.
tapered wings without twist are accordingly about equiva-
lent %o rectangular wings with moderate twist. -

The principal conditlon of 1atera1 stability. compared
to which all attempts at 1lnfluencing the yawing moments and
the rolling moments in yaw are no more than auxiliary meas-
ures,, is .ample lateral (roll) stability.. Only.through it
together with damping in yaw - alweys positivg 3§ dormal,
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f1light - can the stabilizing 7left pide of inequation (23a)
_retain its nepessary predominance. There is - no other prac-—
"t1eal way, o8 ‘the directional etability on the right-hand
slde should also always have positive 8ign.

. That the dihedral 1is the moat effective. way of obtain-
ing any static lateral (roll) s&ability, has béen known
since  the bsginning of aviation. , The amount of dihedral
necessary for stetic roll stability is

..1-\.-- - -

' > 7' I .
m
: DB 1°n ‘( i~ -r-““' —ﬂ———hggr— . (26a)
' Cay fu' - Bw '.1" S - el £ B8y_ - - :
L. ' : i 57-2- core sov o, Boy, M Wz

according to inequation (23%)

One- method frequently resorted to. ls to fi1t & straight
centor section, ‘usuelly Tectangular, to the dlhedrally ar-
rengod wing tips. ‘The effectiveness of thls metlod -is ‘eimi-
lar to the-static effectivemgss ‘of a'llerons of less than
semiaspan length.(reference.22).. The cdenter section span
by 1is very seldom 1in excess of one fourth of the .total
span b; within this limit the stabdllity quota of the di-
hedral varies in close approximetion ag the f&ctor

[ ]..- which is amnly sufficient for design calcu—
1ations.

The v 1ue of r&tio- 5 varies with the
, (& 5 .

plan fornm of the wing. the. corresponding lift distribution.
and ‘twist. The lowest possihle practical limit 1 perhaps
reached with a rectangular, twisted wing and elliptical
11ft distribution where the form ratio approaches one half.
The upper 1imit can be reached .by a tapered wing with no-
ticeable. 1ift distribution disturbance. in the. .center at
_about three ‘fourths form.ratio. For cursoxry calenlations
the malue two thirds valid for a rectsngular wing‘with
rectangular 11ft distributien, can be considered. as & sat-
isfactory average. It even affords ampls security when
-the 14ft distribution .in the 'center-is held to a minimum
of disturbance. " Putting in’ ‘that case cg, fy R ca and .

1 . _
575 = ) gives the approxlimation formula
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Slchey :-:;_‘.:: EY _23_ Cn -TL?_ g_ - 4 clglqo v d
- At T 8 - -
R I 2 .!.bi\f (in radians) (267)
] [ = .
®a [ - (‘n /
- LA LAY .., -, e = c . b
"hi b  speciul-case of =1, ¢;’,’,q =0 eand % =0, it
L o .- 40 .

aéf%és’with'nédssner's formula of 1910 (reference 2),

The lateral stabllity quota'to the whole arrangement
of the wing without dihedral (cmqii 1s probadbly positive
o

‘dn'most caees. -It comprises a number of mathematically
intractable single effects 1n addltion to that of the swoep-
back. According to German and foreign wind-tunnel tests
(reference 17) even wings without dihedrnl and sweepback
experience minor rolling moments 1ln yaw, especlally at
higher angles of attack. Besldes, the rolling moments of
the wing are affected by the fuselage and in sideslipping,
tae vertical tall surfaces likewlse generate rolllng mo-
wents. In special designs (as of seaplanes, for instance),
floats under the center of gravity, engine nacelles above
the center of gravity, etc., may also contrldbute sudbstaa~
tially.

In this connection, the effect of sweepback merits
particular attention. Although being narrowly confined,
because of the longitudinal stabllity .requirements, the
swvecpback 1s always desired for lateral stabilityi - A
change in sweepback 1s often followed by a shift of the
center of gravity in the same direction, so that the di-
rectlional stability changes also. Thorefore the total
effect on the lateral stabllity can - as when 1lnfluencing
the yawlng moments - only be estimated with due allowance
for eventual welght displacements. o

relcase of the rudder effects a change 1in statle dlrection-
2l stability and damping in yew.. (Seé soction II, page 16,
last paraegraph.) Hence (1b€) and (Sb€) cen be inserted in
(23a) in place of (1b) ard (9b). The static latersl sta-
bility is 1incroased when : .

cdso ¥ + c:-l'18 K FB'LB"" 01:150 Ft + -cz'!.,.(“ + Dg,. E)]!'s'i.B

W+ op Talg® ! ! TFgl
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where (for reasons of clearnese)
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It- 18 rea&ily ascertainad in’ two. specific cases wheth-
er the release 6f'.thé rudder:i iAcreases:or decreases the -
statliec lateral stability. When the uass effect of the rud-
der ie negligibly-small the~releliss- -o0f the -rudder normally
cts‘asa reductlod’ in'vertical tdil: aren (k < 1) -from.
Ty . tc RVFB. cenaequsntiy~ the-static:lateral stability.be-

cdmep uqually (o < 5§ \section 111, page 27) greatetr - "
thapn, with, locked rudder.- Whaén' the fuselage gquota to the-
statie ﬂ'irectional 8tab111ty 4s néutrally stabdle, the mass
_effect of the; rudder may ‘becomé moré evident.. In that - -
“cazg, thé above generalized ‘equatiohs shouvuld dscertain any
_inéreaks 1in- gtatic lateral stability wheén (in conjunction
with (24) gnd the' K’ values ﬁerived from’ (14)

u': A lea

PR _ _.6,.*-,'.1' ok, (a) .
et or - Mep = TR -'c".(T)

L -
3

Thus it iefseen that tne mass effect of the nndder may oc-
casionally: have also. a destabilizing . effect, especially
when the rudder is aerodynamically well Balanced (crs(as)
emall)m c- . e . ) .

Ehe difference 1n 1atenal stahility with released and
loaked rudder can therefore be influenced by appropriate
proportioning of eir load and mass balance. The air-load
balanées THD he.obteained .1z -the usual -manner on: .the rudder
direct or with an auxiliery surface suitably connected kin-
ematically with the principal rudder. The balance of the

- mesd moments -always promotes :lateral stadbility. . .Even an
"ovérbaldnee" for :.reversing the . .mass . moments oAy . be. .advan-
~-'tageoug 1f.-not involving .other difficultiaee. Whereas no
great accuracy attende any. preliminary cemputation of the
effects, this-analysis- -should.at any rate .;zroye Qf use in
the appIlication and effectiveness of structural meagures
. toward:improving tne,lateral etability of en airplane o
with released rudder. S

Static lateral stgabllity in power flight.- Fdr the
="presegt“theﬂslipstream effects on the rolling-and yawing

[ Lo e L. . . .
T oEE TR o S R P . L.

"
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moments can only be estimeted in direction.and order of
magnitude because of the lack of reliable measurements.

Compared to gliding flight, the type of equilibrium
conditlaon changes 1in power flight. EFut the asymmetries
due to englne torque end slipstream turdbuleace can be disg-
regarded at first 1n the atability analysis.

The increesed mean flow veloclity in the slipstream
relative to the flight speed 1s with the convéntional en-
€ine installations principally effective on the vertical
tail surfaces and thus affects the directional stabllity
andi the damping in yaw. With equilidbrium disturbances
the change In angle of air flow correesponds on the verti-
cal tall surfaces to the ratio of rate of sidesllp to for-
ward spéed with respect to the propeller slipstream. This
ratio is smaller with power on than with power off. On
the other hand, there is & higher mean dynamic pressure on
the vertical tall surfaces, corresponding to the square of
the relative speed lncrease in the propeller sllipstream.
Altogether, then, the effect on the lateral stability with
power on should not be unlike that on vertical tail sur-
faces oenlarged approximately in ratio of mean propeller
slipstream veloclty to flylng speed. ZTFor equal forward
spoed the alrplane should, in general, therefore, appear
loss statically stable laterally than in gliding.

The extent to which these conclusions correspond for
the different structural designs and power-plant installae-
tions, must be declded in flight tests for each case,

IV. TEE BOUNDARIES OF DYNAMIC LATERAL STABILITY

Although being the most important, static lateral sta-
bility 1s not the sole sufficing condition for dynamice
lateral stabllity. The derivation of the stadbility condi-
tions (seption II, page 19) ghows them to be five in num-
ber., Three (B >0, € >0, and B > 0) must be met inde-
pendently from each other, while the other two (D > 0. and
R > 0) rutually bound each other and may be combined into

-2

The first two conditions (B >0 and C > 0) require
principally positive damping in roll and in yaw. They are
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fulfilisd: in-Beormal f11zht and: aleo’ At higher angles of
attack as far as the Valiuity range:; 0f M&mall oséillations!
extends at all so 41h'%nla  case thell im@ortance as stabil~
ity boundaries is negligible. Hevertheless, 1t should be
remembered that ali stability conditions’ean be damaged si-
multaneously when' the damping in’ roll boecdmes hnegative (in-
tensified in etalling9 "A dieturbancé during such an’ un-
stable equilibrium.éonditien:is followed by Ynéipient’ spin-
ning. Complete loss of damping in ysw is herdly to-be ex-
pected in airplanes of conventional desigrn, while its.ex-
tent as concerns”faillens: types, due’t9 " nag#tive tangen—
tial loads at high'angles of" attack.,mnht bg Teft to £l
tire model and flight tests. o -

H c.. .:."'

C ot A sy

In most inetgnoee. the "static lateral stabllity”
(B > 0) suffices to insure also the' dynamic stability, .
-The first part of the doubla inequation (22) represents’ o
however, a superior- limit D >E vhich mey become .~

practically important under stated conditions., This bound-
ary .

S 0w [i, 1¢+(—-1m)k—ri Tay (27)

roughly aprprozimated from (21), cons etently approaches .
lower values as the values of damping 4nd stability in yaw
and roll become less. Little-damning and decreasing pitch-
ing stability are anticipeted- except dt- high angles of at—
tack when the wing shows sigig of eeparation of flow and
negative tangential Toade and the- vertical tail surfaces '
epoear blanketed; contrariviee,_tnere 1s- dlwaya inauffi—,
~cient directional staBllity when the fin ‘and rudder are

- too small, irrespective of the flight attitude.

Dynamic etability (G D > E) prevails so long as,
according to (27) and (21) tne condition .

'.-_-'“.' ..;::: AL s Lo . (38)

is not lnfringed uponr‘

The yawing moment in roll (1&1) being neither notice-
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ably megative nor vanishingly: small in: normal flight, an:
- axpregped.- @ositivs directipmali stabllity 1s the most efe~-
—ifbctivs assurance against dynamic lateral instability.

-tr u,ﬁmurther discussion of thib stahility condition is Lo
~-+prefaced by a report on an American flylng boat (rsferance
1#) ,.:wherein the unstable oscilletions occurring. within .
~.thd 8: honndary sone of dynamic stability. are’ graphically
..-é.es-cribed.: " BRI

Il

vemt “Ihe flying boat was designed for- the-specific purv
posp 9f experimenting with-lateral controlladility,' ther:
object belng to develop the alrplane’ whilch amateur pllots
of little experilence could use safaly.

f.o1s v NN
“For the firset, flights it was r;ggpd with a 6 dihedral
and.with a. vertical tall surfece of 1.82 m?- (19.6 8q.ft5).
It became immediately appareat; however, ' thai{.such-a rig-
ging produced the instabdllifiy-classifiod ps 'upstedle os-

- gi11latddns.?’ It was necessdary to control the boat all -
the time by the rudder in order to fly on a straight line.
Then all the controls were held in neutral position at
about eruleing speed, the generation—and meéhanics of the
opclllations became quite evident. The boat was observed
to devigte from.the styalght course, banking;mere rapidly
than. turning, unt1l i%: overbanked and sideslipped.. TPhen:

"1t.leveled out rather- briskly and bapked to amother aide;
:renaating the cycle, The fl4ight consisted of:aiseriss of
turns .alternatively : to the right gnd to the loftu.appar—r
ently quite steady and persistent, -without-apy:tendéncy..:
either to inorease:oy-die out.* - The.banks. rerched about -
30° Averagu direetion of. the flight was maintained quise
well. and while making these:turns the alrplahe,félt.stead-
ier and more secure thaun in normal flight with its odd
tendency. to -hunting. . R

"For the next'éxperiment the dlbhedral wad reduced to
3°. the boat not being changed in any.other way. It was
found that 1t behaved wuch better but not realywell yeot.
eses The osclllatione were much moge gentle, the bank on
each turn anot increasing beyond 20 It was evident that

*According. to this the term "unstable .osclllation” commorly
used in English-speaking countries 1s uninte¢lligidle, at
least so far as thls .type of motion 1s concerned.

. L% N (I AN
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ingtability was mudh’ less'prondhncod but atill romalned
off the same type - ’undtahle oabillationd

"For a third experiment mﬁe vertical fin:and rudder

were changed, increasing the wertical tail area from 1.82°

2 {19.6 - 8q.£fb3) to 2,58 m® (R7.8 sq.ft.). The dlhedral’
.remained the same and the boat 1tself was not changed in.
any way. The airplane was found to be very good on lateral
controls and was flown for several hours in this condition.
The use: of allerons and of the rudder wag:.tried on very
flat' glides and they  were found to bDe /quite effective at
lovw. speed.,: This 18 particularly interesting because while
the alrplane had 'unstabdble'! rlgging, seVvVeral pilots com-
plained of very weak controls. It proves that 1t 1s un-
advisable to pass Judgment on controls @ntill the lateral
stabllity is properly adjusted.”

The genseration of the thus descrlibed "unstable oscil-
lations" is also described by Gehlen (reference 4). The
principal stabillty equatlion usuvally contains two real
roots which mainly describe the aperiodic roll (damping in
roll) and the aperiodic yaw (static lateral stadility).

The other two roots are mostly conjJugated complex and de-
fine a damped oscillation in yaw contalned within the yaw,
caused by the static directional stadbility. Then, when
the directional stability reaches a stated lower limit set
by the damping in yaw, the yaw becomes aperiodic. Upon
further decrease in directionsl stadility the doudle root
of the yawing motion resolves and a new conjugated complex
palr of roots mey form apart from the now real root of the
aperiodlc yewlng motion. The pair of roots absorbs the
hitherto aperlodic yawing moments and then appears as "un-
stable oscillation." - The center of pressure oscillation
may at firet be dynamically stable. Kot until further de-
crease in directional stability is the stability boundary

DA g E reached. The stadble range of the unstable oscil-

lation I8 very small. Since the damping in it ls vanish-
ingly small, 1ts appearance-in,flight .1s already felt as
start of dynamiec 1nstab111ty. -

The generation of unsﬁahle oscillations 1s practically
impossible so long as the etrongly damped yawing oscilla-~
tion refrains from becoming aperlodic. . The necaisary con-—
dition for this is in first .approximation 1t > I and

gives as boundary a rq}at}% directlonal atability of the
order of maznitude Of- O 'R 36 s T&E such low values,
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possible only wifh unetdabié fiselrage proportion, already
pragtlcally indigate.neutral directional stability. With
lqcked zudgp; tha directional ntability is, 'moreover, most-
1y 'qvave, that bounqary TRige.’ “aithotigh ft may by relegsine
the :u&dqn,drqp dqgaqiogailz Jov endugh to "Pefmit . dngtadie
- agadll aﬁi@nsbto BPDEAT, .80 ﬁhat t4é rudder must be held™”
aga}n._,Thia oc?ufnqnoortg nqt tnknown 1in practicdl flight.

ihr' {zecéional stgbiliiy is - similar to the 10431-
tudinal a%ablli y - apprecilably affected by the podttioﬁ
"of, the. cegter-gi gravig 1t drops when.the c.g. shifte”
to _the''rear.  .In'm nast . fGrward positions with maximum’ dizéc—

ggal stability, the phkatié lateral stability i 1oweat
nounptable oscilldtions are anticipated. With yredrs
ward position of the center of gravity, the static tateral
8tabllity inereases, but then there 1s a possibllity taat

vanlshing directional stability may produce unstabIa 08~
cillationa. . __=

Eowever. ‘for an airplane which 1is &1rectidna11y gtas
blé with rudder released in'gll possible’ canter-of-grav!ty
positions, ‘the static  lateral- ptability 1s tH®’ only bound-
‘dry Of-the dynamic late¥al: staﬁiiity reﬁuiring p&rticular
atténtion.

caT .I' s av - - "..-\_'---:_-'- ..|El
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ﬁhb wind-tunnel teets which €the airplane deslgner may
une fgr preliminary lateral stability analysis, fall- 1nto
two groups- "the determination of the force and mqment cb-
efficisnts on models suspended in the wind tunnel, apd” the
"determihation of theée rotation factors of models which #re
free to rotate in the wind tunnel. The.conventional. 6
component measurements fall in the first category. Thair
chief advantages are simpliclty and inexpensiveness, but
they afford only approximationes as to the rotation effects
on the free airplane.: The second method ia, partigularly
developed 1ln-England. It entails considerable.pxnense in
suspenslon gnd test eguipment and paper work, bub, it nsu-
a&ly afiprds very. satigfactory resultis (Teﬁarenqe 20) . -

The’hirpiane ﬁesigner.'eepedialiy in Gdrh&ny. s 'és a
rule onl¥y ‘concderned with the first type of wind-tundel ™
tests, whether as basis or for checking a new design. The
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mathematicax and the empirilcal data evailqmle heretofore

are giite ecarqe. lérgely vnpublished, and not as .easily
trgqsferaﬁle ad In longltudinal stabllity 1nvqatigatione.

Add d Féeilt, "It sometimes happens . that new designs must
be speclally examined for each cése without reliable com-
arable standards until. clear empirilcel principles have
qu formuldted for the design and the safe employment of

g

ﬁle test data.

"ie cbrrect interpretation ‘of S-component measnremgnta
'Eﬁdﬂg giexn and, 1f necessary, to design modifications,
.calld for ‘s, brief survey of the contridutlons of.the moat
fpih Jrfant structural parts to the forces ajd moments on”
the complete alrplane. Bocause of the mutual interfek-
ence betwoen wing, body, and control surface the mathemat-
iqal ddvelopment from slingle ‘summanda 18" useful only in -
vexy rough approximation, and leaves many ‘sources of error
‘dut of consideration. The resolution in difference meas-
urements 1s far more expedient since, 1f correctly ar-
ranged, they not only include most sources of error in
the ‘effect but also permit detection at the source and
thus offer an incentive to lmproved forms.

For the measurements defining the forces. and moments

. in yaw the airplane model 'in jits maln form - -slize of wing,
plan form, body shape, taill arrangement - may- be considered
fixed, once the deslgn hes advanced to the ‘measuring stage.
For defining the yawlng and rolling moments, the size of .
fin and rudder and of the dihedral may, 1f necessary, be
left open. Changeabllity of fin and ‘rudder is readily in-
sured on the model; changeability of dihedral requirés a.
divided model wing and soma means of adjusting which, how-
ever, ils also quite easy.

A model of the hitherto conventional elementary. design,
that is, with detachable fin and rudder, and a one-p;ece.
rigid wing, requirea at least two sets of 6~component meas-
urements for a survey: those on the complete modél, and
those without vertical tail gsurfaces. The firast giwe, 'ujlde
from the static roll}ng moments, the total atsolute dﬁfﬁqr
tional stability - (cms), the second give the quota of, fuse-

lage, wing, and other structural components to “the static
yawing mdment""(cms - The .diffefence of-both is -a- ﬁrﬂteh
0

rion for the-moment contribution of the vertical tail sur—
faces and 1te.effect under the 1nf1nence of the -other -
structural parte. In this manner, it affords a more exact

- R el . H -
Dy oL . . ! - - -
..
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d8feisfton of the relative directional stability (equa-
t ¥od 335) which goveris- the leteral stability, than the -
nathenatical determinatibn from form, sise, and position
ofhﬁhe vertical tail surfaces. . o
s A11 the data nécessary for the production of any sta-
Bf1ity conditlon can Ve obtained on & model with variadie
vertical tall surfaces and variable dihedral. The roll:
stabllity without dihed:al and its increass with the d1i-
Ik ErdyL - angle i3'oné impoftant factor therein. 4n airplane
design. wiien dfter'wind-tunnel tests is unsatisfactory”
£5°1t 8" ort ‘1hg]l - form. can thus - be comparatively easily’ and
safdly ‘mod fid& _

—de ety g tuterpretation of the fest data fér the evaluds
t16n ¢f-the anticipated lateral stability, must firat ‘of-
THTLC attest to the fulfillment of the two simple cbndivfons

-t
.1:......-:. cmq3>01
c:nB>OJ'

for.the extreme rear poasifions of the center of gravity

.provided 1an therdeslgn. In-addition, the ratio of the sta-
2:0ility in- Faw.:and roll must-meet ths condition according
.vto ineguation (23a) or (23b). Transformed for the present

plarposs; it'atipnlates that

(29)

°m > = (b/zl o - :y?lg (208)

Cc - L
g - PR -

Here the increase of damping in yaw due to wlng and
fuselage (8 > 1) may be estimated or else disregarded
altogether (8 1) as safety margin. The form factor

g representative of the spanwise normal .force dis-
Pz—ntion as criterion for the geometric momeént of in-
ertla of the normal force distribution figure'(see section
II, page 10), is also readily estimated affaer the wing
hag.heen depigned, 1In the majority of cases- ih lies be-
twoen 1/4 ... 1/3. The anticipated lateral stability

can accordingly be €stimated within the degrees of accu~ :
racy: obtainable in wind—tunnel tests when putting

2(?‘) '.

Then the condition assumau the following
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= =='~1 mére accurate. allowancq fqr factors (b/—\ and 8

iﬁ qnper#luoua ezcept in decldadly épecial cases.

. - .‘l,..u._ .
If & model after the £iret. test results, does ‘not
maat oondition zSOa). the necessary enlargemeint of dihedral
Qﬁpl is readlly estimated-dceording to equation (26&) or
(BGb) ‘when substltuting the measured quantity o =
A +— for the relative directional stability and the
om - cm o . .
8 Bo

q'HI

measured rolling moment 1ncrease c; for the roll sta-
qQ
bility (emq ).
o]

The form of .the tnequationa (30) itself agein attests
the importanqq of .thre relative directional stability (0 =

Y ) over the absolute directional stability as

concerns the lateral- h%abiiity. The more pron?uncedly un-
stable the model without fim end rudder is (cms < 0),

the more readily ¢ondition (30) may be met. A limit is
set by the Tfeasibility of designing vertical tall surfaces
of a sige largs enough to aesure ample absolute direction~
al stabllity. In accordance wlth practloal experlence the
value ¢ ® 1/3 represents a minimum which should never bde
passed by commercial sitplanes for reasons of safety.

The theoretlical treatment of lateral stabllity 1s as
0ld as aviation 1tself. The formulas of Ferber (1905) in
France, Deimler (1910) in ‘Germany, and Bothezat (1911) ia
France, contain omissions or erroneous assumptions. about
the aerodynamic moments due to the rate of rotations, thuk
leadirg to partly errodneous, partly incomplete results
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(details in reference 4). The first comprehensive reports
on lateral motion with clear results are ‘those of Relssner
{(réeferences 1 and 2), &ud of Bryan (referance 3), which.
became the basls of sll stbsequent ‘developments. Then

came Gehlen (1912) with-his systematic treatise of the
whole lateral stabllity prodlem; his doctor's thesls on
Roil%.Stability and Imateral: Oomitrol of :Alrplanes (reference
4) 1s a sbrvey of greatest detail apd technico-physical_
clearness’, and which even today merits unrestricted recog-
nition. The further development and the inclusion of these
ploneer efforts in the compiled works of Belrstow (refer—
ance 5) in Ehgland, and' fhéha ahd Hopf (reference 6) in.
Gotrmany, may be. considerea as the end of the first stage‘
of development. : )

. Subsequently Germany contributed varilous mathematical
troatises (references 8, 9, and 10) on the genoralization:
of the stablility theory. while England roceivod & much
stronger impetus to further progress.as a result of a mul-
titude of wind-tunnel-'and flight tosts. This accounts for
the pleatiful material publlished in the Buglish periodi-
cals 1n the last few years, At present, the safety re-
guirenents for "Plind flying" appear to bdring the dipcus~.
sions on lateral 'stability into the foregroupd again.
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