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INTRODUCTION 

The term " l a t e ra l  s t ab i l i t y"  used i n  t h i s  paper is  intended t o  
include a l l  airplane s t a b i l i t y  other than longitudinal s t a b i l i t y .  That 
is, l a t e r a l  s t a b i l i t y  includes direct ional  (or weathercock) s t a b i l i t y ,  
ro l l ing  s t ab i l i t y ,  bank s t a b i l i t y  (or  dihedral e f f ec t )  and, i n  fac t ,  
say form of s t a b i l i t y  tha t  involves displacement of the  plane of 
symmetry of the airplane by rol l ing,  yawing, or sideslipping. Sometimes 
the term " l a t e ra l  s t ab i l i t yP '  has been used t o  mean only the s t a b i l i t y  
associated with ro l l ing  moment due t o  s ides l ip  or dihedral e f fec t  but 
t h i s  usage is not recommended because of the likelihood of confusion 
with the more general meaning of the  term. 

During the past few years many advances have been made toward an 
understanding of the complex problem of l a t e r a l  s t a b i l i t y .  In the  w a r  
yews a great amount of experimental data  on the subject was obtained 
from studies of mil i tary airplane designs. Analysis and correlation of 
these data have afforded an insight i n t o  the  causes of l a t e ra l - s t ab i l i t y  
d i f f i c u l t i e s  and have i n  some cases permitted empirical methods t o  be 
s e t  up f o r  estimating cer ta in  s t a b i l i t y  character is t ics .  Basic la te ra l -  
s t a b i l i t y  research, both experimental and theoretical,  was  necessarily 
somewhat curtai led during the w a r  but since tha t  time t h i s  research has 
been accelerated t o  supply the  eve%increasing demand f o r  fundamental 
knowledge i n  the f i e l d  of l a t e r a l  s t ab i l i t y .  

SYMBOLS 

rolling-moment coefficient 
Rolling moment 

2 ( ) 
Yawing moment 

'n yawing-moment coefficient ( $pv2sb ) 
fvselage yawing-moment coefficient 

Yawing moment 
'n " Gp) ( a s e l a g e  T O I ~  



lateral-force coefficient (lateral force) 

C 
Dw 

wi-rag coefficient 

P mass density, ,slugs. per cubic foot; 

S wing area, square feet 

b wing span, feet 

z vertical height of wing above fuselage center line, feet 

V airspeed, feet per second 

-v sideslip velocity, feet per second 

P angle of sideslip 

$ angle of yaw (j3 = - ~ r )  

angle of attack a 

P rolling angular velocity, radian8 per second 

r yawing angular velocity, radians per second 

I?b - rolliwlar-velocity factor or wing-tip helix angle 2V generated by wing tip in roll, radians . 

rb - 
2V yawinpmgulas-velocity factor, radians 

C 
nP 

rate of change of yawiqynoment coefficient with angle of 

sideslip, per degree 

C 
2~ 

rate of change of with angle of 

sideslip, per degree 

C y ~  
rate of change of lateral-force coefficient with angle of 

sideslip, per degree 



C 
n~ 

rate of change of yawingjnoment. coefficient with rolling- 

angular-velocity factor, per raaian 

, . (3) 
rate of change of rolling-anoment coefficient with rolliw 

angular-velocity factor, per radian 

CyP 
rate of-change of lateral-force coefficient with rolliw 

angular-velocity factor, per radian 

rate of c h q e  of yawing-noment coefficient with yawing- 

angular-velocity factor, per radian (3,) 
rate of change of rolli~oment coefficient with yawing- 

angular-velocity factor, per radian (Z), 
CY, rate of change of lateral-force coefficient with yawing- 

angulm-velocity factor, per radian 

6f flap deflection, degrees 

A angle of sweep of wing leading edge, degrees 

aspect ratio (G) 
LA-TABILITY DERIVATIVES 

In a discussion of lateral stability it is necessary to break up 
this rather complex subject into its several related parts in order to 
get a clear picture of the advances that have recently been m d e  in 
this field. One logical breakdown of lateral stability, illustrated 
in figure 1, involves the conventional lateral-etability derivatives 
used -in dynamic lateral--stability work. (See references 1 to 6.) These 
stability derivatives are abbreviated expressions for the variations of 



the rolling and yawing moments and lateral force with sideslipping, 
rolling, and yawing velocities. In order to make these derivatives 
nondimensional, the velocities v,. p, and r are replaced by I3 

and respectively, as indicated at the bottom of tor 3 2T4 2v' 
figure 1. (see reference 1. ) 

The geometric designe around the derivatives in figure 1 indicate 
their relative importance as determined from an analysi~ of m q y  
theoretical and experimental studies of lateral stability. The circled 
derivatives have been found to be most important in that, if they are 
properly adjusted, the other derivatives usually have only minor 
effects on stability. In a discussion of lateral stability, these 
derivatives may logically be divided into three groups - sideslip, 
rolling, and yawing derivatives. 

Sideslip Derivatives 

The sideslip derivatives C C and Cyp are probably the 

most significant as well as the most familiar derivatives. They can be 
. determined theoretically (references 1, 2, 6, and 7) and are also 
easily determined by ordinary wind-tunnel teets (references 8 to 19) 
in which the lateral forces and moments are measured with the model in 
a yawed (or sideslipped) attitude. From plots of the fort-test data, 

acn ac, 
the slopes 

~ C Y  
, , a"d sj7 (where $ is the angle of yaw) are 

determined these values are exactly equal to but opposite in sign 
to kP, Clg3 and Cyg, respectively. The yawing moment due to 

sideslip kg is the static directional stability or weathercock- 
stability factor (references 20 to 34). The rolling moment due to 
sideslip C is the well-known effective-dihedral parameter which 

ZB 
has received an increasing amount of attention in connection with 
highly swept wings. (See references 5, 19, 35, 36, and 37.) The 
lateral force due to sideslip is the effective lateral-ea 

parameter, which is usually negligible if the weathercock stability C n ~  
is adequate. This aerivative will not be discussed further in this 
paper but more information on it can be obtained in references 1, 2, 
6, aria 38. 

Rolling Derivatives 

The rolling derivatives Cnp, C 
IP' 

and Cy have been treated 
P 

Lheoretically in references 2, 6, and 39 and are measured by various 
experimental methods including continuous rotation tests (reference 40) 



i n  which forces and moments a re  measured on a ro l l ing  model and rolling- 
flow t e s t s  i n  which the model remains stationary while the a i r  stream i n  
the  wind tunnel is rotated ( h a g l e y  s t a b i l i t y  tunnel, reference 41) 
Both the yawing moment due t o  r o l l i n g  Cnl, 

and the  ro l l ing  moment due - 
t o  ro l l ing  (dampiwin-roll  fac tor )  C a r e  important from considera- 

2, 
t ions  of cont ro l lab i l i ty  as well as s t ab i l i t y .  The l a t e r a l  force due 
t o  ro l l ing  "2y is of measurable magnitude only f o r  swept-wing 

P 
airplanes and, since i n  a l l  cases t h i s  derivative has been fourmd t o  
have an insignificant e f fec t  on s t ab i l i t y ,  it w i l l  not be discussed 
fur ther .  

Yawing Derivatives 

The yawing derivatives Car, Czr, and Cyr a r e  of secondary 

inportance compared with the  s ides l ip  and ro l l ing  derivatives.  These 
derivatives a re  t reated theoret ical ly  i n  references 1, 6, 42, and 43 
and have been determined experimentally by several methods including 
the whirli- method, forced-oscillation or f r e m s c i l l a t i o n  method 
(reference a), *and the  curved-flow method ( h a g l e y  s t a b i l i t y  tunnel, 
reference 6), in which a model is held fixed i n  a curving a i r  stream 
produced by curving the f lex ib le  s ide w a l l s  of the tunnel t e s t  fiect$on. 
The yawing moment due t o  yawing (damping-in-yaw parameter) Cnr i s  the 

most important of the yawing derivatives but usually has no pronounced 
ef fec ts  on s t a b i l i t y  and control i f  the weathercock s t a b i l i t y  

CnB 
i s  

adequate. Since the r o l l i n g  moment due t o  yawing Czr and the l a t e r a l  

force due t o  yawing CY., a re  even l e s s  important than Cn , no fur ther  
P 

discussion of the yawing derivatives w i l l  be given. More information 
on these derivatives can be found in the references 1, 6, 43, and 44, 

MOST IMPORTANT L A ~ T A B I Z I T Y  DERIVATrnS 

The four most important derivatives , CzB,  ca, and C 2  
P 

w i l l  now be considered i n  more de ta i l .  The main emphasis w i l l  be placed 
on the two s ides l ip  derivat2ves and C since these derivatives 

ZP 
have been the subject of a large. par t  of the l a t e ra l - s t ab i l i t y  research 
during the past few years. 

Yawing Mciment Due t o  Sideslip 
CnP 

The yawing moment,due t o  s ides l ip  G, is a d i rec t  indication of P 
the  tendency of & airplane t o  weathercock, that is, t o  keep alined with 



the r e l a t ive  wind. Since the wiwfuse lage  combination is usually 
unstable i n  t h i s  respect, a ve r t i ca l  t a i l  is used which is large enough 
t o  balance out t h i s  in s t ab i l i t y  and t o  provide a sat isfactory amount of 
weathercock s t ab i l i t y .  T h i ~  concept is  very simple, but i n  practice 
proportioning an airplane t o  obtain a desired amourt of weathercock 
s t a b i l i t y  has proved t o  be quite d i f f i c u l t  because so many fac tors  
affect  t h i s  s t ab i l i t y .  The ef fec ts  of some of the more important 
fac tors  w i l l  now be t reated br ie f ly .  

Effect of ver t ical- ta i l  aspect ratio.- One rather  obvious point, 
but one which has not been ful1.y appreciated u n t i l  recent years, is  the 
effect of the aspect r a t i o  of the ve r t i ca l  t a i l  on weathercock s t a b i l i t y .  
This effect is i l l u s t r a t ed  i n  figure 2. Most airplanes pr ior  t o  
World W a s  I1 had 1aw-aspec.ti.ratio ve r t i ca l  tails l i k e  tha t  shown i n  
sol id  l i nes  on the sketch. The desire  t o  get increased s t a b i l i t y  
without a n  increase i n  t a i l  area on many of our mil i tary airplanes l ed  
t o  use of ve r t i ca l  tails of higher aspect r a t i o  which, because 'of t h e i r  
higher l i f t -curve  slopes, gave more weathercock stability. This e f fec t  
i s  clear ly shown i n  f igure 2 by a coqar ison  of the slopes of yawing- - 

moment curves f o r  a model tes ted with two tails of equal 

area but'of aspect r a t i o s  of 1.0 and 2.3. 

End-plate e f fec t  of horizontal tail.- Another fac tor  which has t o  
be taken in to  accou& i n  estFmating vert ical- ta i l  effectiveness is the  
end-plate effect of the horizontal tai l .  Recent NACA research on t h i s  
subject (references 29 and 31) has helped t o  put the estimation of t h i s  
e f fec t  on a ra t iona l  basis.  In figure 3 a part  of thi's research i s  
swnmarized t o  show how the vert ical- ta i l  effectiveness is  increased by 
the end-plate e f fec t  when the horizontal t a i l  is located near the bottom 
or top of the ve r t i ca l  t a i l .  In general, the e f fec ts  of the fore  and 
a f t  posit ion of the horizontal t a i l  aJnd the r e l a t ive  s izes  of the 
horizontal and ver t i ca l  t a i l s  a re  small when compared with the e f fec t  
of the ve r t i ca l  position of the horizontal tai l .  

Effect of wing position.- The ef fec t  of the  ve r t i ca l  posit ion of 
the W ~ I X  on the fuselage on weathercock s t a b i l i t y  is  i l l u s t r a t ed  i n  
f igure  &, which is a prot of the increment i n  cLg produced by changing 

from a lnidwing configuration t o  a high- or lar-wing configuration. It 
i s  apyarent from these data  tha t  a pronounced decrease i n  s t a b i l i t y  
occurs a s  the wing i s  moved from a l o w  t o  a high position. The amount 
of t h i s  reduction i n  C, (over 0.001) is more than one-half the P 
increment i n  C provided by a ve r t i ca l  t a i l  of average s ize.  This 

nP 
e f fec t  of wing posit ion r e su l t s  primarily f romthe  difference i n  the 
sidewash induced at the ve r t i ca l  t a i l  by the high--wing and low-wing 
configurations. More information on t h i s  e f fec t  is  given i n  references 9 
t o  13 and reference 30. Some of these references a l so  cover the e f fec ts  
on C of flaps,  wing plan form, fuselage shape, and other factors.  



Effect of power.- The effect of power on the weathercock stability 
of propellercdriven airplanes (references 32 to 34 and 45 to 53) has 
been the subject of extensive study in the last few years because the 
tremendous increase in the power of our military airplanes has greatly 
increased the difficulty of obtaining satisfactory stability under all 
operating conditiom. In the case of multiengine airplanes one of the 
principal problems hafl been to design the airplme so that directional 
stability and trim characteristics are satisfactory with one or two 
engines on the same side inoperative. (see reference 33 .) 

In the case of high-powered single-engine airplanes there is an 
asymmetry in the powercon condition that is similar to the aspmetry 
caused on mltiengine airplanes by the failure of one engine. This 
asymmetry is illustrated in figure 5 by the yawing-moment curve for the 
singl4-rotation power condition for a typical high-po~~ered single-engine 
airplane. The effect of power is to increase the slope of the cwve 
(indicating an increaae in weathercock stability) and to displace the 
curve so that at zero yaw there is a lmge negative or left yawing 
moment. A 20' right rudder deflection was found necessary in this case 
to trfm the airplane at zero yaw. With this single-rotation condition 
the propeller slipstream is displaced to the right at the vertical tail 
so that the tail passes out of the slipstream sooner when the airplane 
yaws to the right than when it yaws to the left. This effect causes 
the yawing+noment curve to break at about lo0 for right yaw and about 25' 
for left yaw when the tail loses effectiveness as it passes out of the 
slipstream. The airplane tends to become directionally unstable when 
the tail passes out of the slipstream because the instability of the 
wing;fuselage-propeller combination is greatly increased by the applica- 
tion of power. This increased instability is caused partly by the 
lateral force on the propeller itself and partly by the slipstrean 
effect on the wiwfuselage conibination. 

The undesirable asymmetry with power on is of course not present 
on jet-propelled airplanes, -.it appears that pover in this case h.as 
little, if any, effect on weathercock stability. Efforts at minimizing 
the asymmetry on propeller-driven airplanes have been attempted by 
several methods, such as offsetting the vertical tail, shifting the 
center of gravity to the right of the thrust axis (reference 54), ~ 

skewing the thrust axis (reference 551, or using dual-rotating propellers 
(references 32 and 47). A comparison of dual and single rotation is 
shown in figure 5. It is apparent that dual rotation entirely eliminates 
the asymmetry but that the undesirable tendency toward instability at the 
higher angles of yaw is still present. Since this instability, when 
accompanied by rudder-force reversal, can lead to the dangerous "rudder- 
lockt1 condition (reference 28), methods have been sought to improve the 
weathercock stability at high yaw angles. In order to improve this 
condition, many high-powered airplanes have dorsal or ventral fins. 
The RLnctioning of these fins is explained in figure 6. 



Effect of dorsal and ventral fins .- Figure 6 shows the weathercock 
stability of a fuselage with and without dorsal and ventral fins. The 
solid-line curve shows the normal fuselage instability which decreases 
with increasing angle of yaw. The dashed-line curve shows that the fins 
do not greatly affect the stability at small angles of yaw but that they 
make the fuselage very stable at high angles of yaw where increased 
stability is needed when the vertical tail loses effectiveness. This 
stabilizing effect of the dorsal and ventral fins has been attributed 
to a "spoiling" of the flow over the after part of the fuselage but a 
further m y s i s  based on the experimental data of reference 25 
indicates that the effect can be partly accounted for by the increasing 
slope of the fin normal-force curve with increasing angle of yaw. Such 
an effect is characteristic of surfaces having extremely low aspect 
ratio. (See references 56 and 57. ) 

Rolling Mcanent Due to sideslip 

The rolling moment due to sideslip 
C2P 

is known as the effective- 

dihedral derivative because the principal effect of varying the 
geometric dihedral aagle of the wing is to change this derivative. 
(see references 35 and 36.) AB pointed out in the introduction, C z ~  
is sometLes called "lateral stability" because it is the derivative 
which -tends to retur.n the airplane to a wing-level attitude when it 
banks and starts sideslipping. Interest in this derivative has recently 
been greatly increased because of its extreme variation with sweepback 
and aspect ratio, as illustrated in figure 7. 

Effect of wing plan form on C .- The*effect of wing plan form 
on the variation of C with lift coefficient CL is shokm in 

P 
figure 7. The solid-line curves are from experimental data from 
reference 6 and the dashed-line curves are theoretical values obtained 
from the same reference. The value of -4 for unewept wings of 

I8 
normal aspect ratio 5.2 increases slightly with increasing lift coeffi- 
cient and the theoretical variation is in good agreement with the 
experimental data. Ln the case of the sweptback wings, at low lift 
coefficients -4 increases rapidly with lift coefficient as indicated 

IP 
by theory but at some moderate lift coefficient -Czg reaches a m a x i m  

value and then drops off as the m a x i m  lift is approached. This 
"dropoff," which i~ not predicted by the theory, is attributed to a 
partial separation of flow over the wing which cannot be taken into 
account by any of the theoretical methods now being used. The lift 
coefficient at which the experimental results drop off and no longer 
agree with the theory is influenced by many factors such as wing plan 
form, airfoil section, Reynolds number, and wing roughness. The drop-. 
off occurs earliest with the more highly swept wings and with wings 



having airfoils with a sharp leading edge. hcreasing the Reynolds 
number usually makes the experimental results agree with the theory 
up to a higher lift coefficient but if the wing surface is rol~gh the 
drop-off occurs at a fairly low lift coefficient regardless of the 
Reynolds number. The use of higk-lift devices such as flaps and slot,s 
usually increases the maximum value of- 

C+3 
for a given wing. (see 

reference 19.) 

The data of figure 7 show that the use of sweepforward tends to 
reverse the variation of - C 2  with lift coefficient. For the P 
particular wing shown, the effect of the sweepforward at low lift 
coefficients is to eliminate the variation of --Cz with lift coeffi- P 
cient associated with the unswept wing. 

Effect of wing position on CZB.- The vertical position of the 

wing on the fuselage has a pronounced effect on the value of C i ~  for. 
a complete airplane. This effect has been treated theoretically in 
reference 7 a;nd has been investigated experimentally in several NACA 
research studies (references 9 to 13). The results of some of this 
experimental work are ~ummarized in figure 8 which is a plot of the 
increment in C 2  produced by changing from a midwing position to a B 
high- or low-wing position. These data show that lowering the wing 
causes a large reduction in effective dihedral ( 4  and that 

raising the wing causes a corresponding increase in effective dihedral. 
The scale at the right side of the plot indicates that changing from a. 
low-wing to a h i w i n g  position corresponds approximately to increasing 
the geometric dihedral angle of the wing by 9' or lo0. (A. change of lo 
in geometric . . dihedral angle correspond8 to a change in C z B  of about 

0.0002.) The data presented in figure 8 are for unswept wings but the 
same general trends would probably be obtained with swept wings. 

Effect of power on CzB.- For high-powered propeller-driven 

airplanes, the application of power usually causes a reduction in 
C2i3 

which is most pronounced in the flap-down condition. (See references 37, 
47, and 31.) This effect is,illustrated in figure 9 in which rolling- 
moment data are pre~ented for a high-povered singl-ngine airplane 
with power off and with single and dual-rotating propellers operating, 
In the power-off condition a large amount of effective dihedral is 
indicated by the steep slope of the rollimoment curve. For the 
sing1erot;ation condition the application of power causes a large 
reduction in effective dihedral and also causes a negative rolling 
moment at zero yaw. The reduction in effective dihedral is caused by 
the fact that in a yawed or sideslipped attitude a greater portion of 
the propeller slipstream passes over the trailing wing than over the 



leading wing. Since the dynamic pressure i n  the slipstream is much 
greater than tha t  outside the slipstream, the t r a i l i n g  wing then 
produces a greater increment of l i f t  due t o  power than is produced 
by the leading wing. A ro l l ing  moment therefore r e su l t s  ~ ~ h i c h  tends 
t o  r a i s e  the t r a i l i n g  wing. This effect is called a negative dihedral 
e f fec t  because it is the same as  tha t  exhibited by a wing having 
negative geom3tric dihedral. The out-of-trim ro l l ing  moment at  zero 
yaw is caused by the  propeller torque which is, of course, t o  the l e f t  
fo r  r i g h t - k d  propeller operation. 

This out-of-trim ro l l ing  moment is not obtained with the dual- 
ro ta t ing  propeller because the propeller torques balance out.  here 
is,  ho- ever, an even more pronounced reduction i n  effect ive dihedral 
than i n  the  case of single rotat ion.  This reduction i n  effect ive 
dihedral with power corresponds t o  putting about 18' negative dihedral 
i n  the  wing of t h i s  airplane. It should be pointed out, however, that 
t h i s  extreme ef fec t  is shown f o r  the flapdown, powerc-on condition 
(usually called the "wave-off" condition) and tha t  much smaller e f fec ts  
a re  usually obtained i n  the flap-up conditions. One proposed method 
fo r  r e d ~ c i n g  the e f fec t  of power on the effect ive dihedral is the use of 
a linked d i f f e ren t i a l  f l a p  system. (see reference 37.) In the case 
of jet-propelled airplanes the  e f fec t  of power on CzP is probably 

negligible i n  all cases. 

Yawing Moment Due t o  Rolling 

The yawing moment due t o  ro l l ing  cnP 
has some ef fec t  on l a t e r a l  

s t a b i l i t y  but i ts  most important effect  is usually on l a t e r a l  maneuver- 
ab i l i t y .  It is the  derivative which, together with the aileron-yawing- . 
moment factor  

%aJ 
largely determines the  sideslipping tendencies i n  

an ai leron r o l l .  For unswept wings t h i s  derivative is usually negative 
as sho5m i n  f igure 10 which m e a n s  tha t  i n  a r igh t  r o l l  it causes a l e f t  
or adverse yawing moment which tends t o  yaw the airplane out of the turn.  

The theore t ica l  and experimental r e s u l t s  in f igure  10 which were 
taken R-om reference 6 show tha t  the value of Cn increases with l i f t  

P 
coefficient up t o  the stal l  which meam tha t  the adveree yawing tendency 
should be greatest  at high l i f t  coefficients.  

For the sweptback wing (f ig .  l o ) ,  the theory indicates greater 
negative values of 

cnP 
than f o r  the unswept wing. The experimental 

data,  however, do not agree with the theory in t h i s  case. These data 
show even larger  negative values of % at l o w  l i f t  coefficients than 

a re  indicated by theory, but at a moderate l i f t  coefficient (about 0.5 
i n  t h i s  case) the data show a sharp change which r e su l t s  i n  very large 



positive or favorable values of CnD 
at the higher lift coefficients. 

As in the case of the abrupt drop.;,?-f in the value of ZP 
of the 

sweptback wings, this sharp change in c% is attributed to a partial 

separation of flow over the wing which is-not taken into account by 
this theory (reference 6). An approximate indication of the lift 
coefficient at which this change takes place, however, can be obtained - 

aogr 
CL - 1.1 - 

by means of the simple expression cnp = - - from 
reference 1. 

Rolling Moment Due to Rolling 

The rollfng moment due to rolling C is called the daping-in- 

roll derivative because it is the factor which is a measure of the 
resistance of an airplane to pure rolling motions. Considerable 
theoretical and experimental work (references 2, 6, 39, 40, 41, 57, 58, 
and 59) has been done on this derivative because of its importance in 
both lateral stability and maneuverability. Some of the principal 
points regarding this derivative are illustrated in figure 11 which is a 
plot of the experimentally determined variation of 

CzD with lift coeff i-, 
cient for swept and -wept winga. The symbols at zero lift coefficient 
indicate the theoretical values of C2 for the swept Eend unsweot wings, 

P 
Theory indicates no variation in with lift coefficient. 

The curve shown on figure 11 for the unswept wing is for a wing of 
aspect ratio 5.2 but it shows characteristics that are typical of unswept 
wings of all aspect ratios. The experimental value of ' C z D  is in agree 

ment with the theory and remains essentially conatant fromAzero lift tp 
the stall but at the stall it abruptly decreases to zero and to positive 
values which indicates that the wing is unstable in roll beyond the stall 
and will autorotate or continue to roll once it has started. Various 
stall-control devices such as leadiwdge slots have been used to 
elbinate the autorotation tendency of m w e p t  wings at the stall 
because in some cases this*tendency causes airplanes to become uncon- 
trollable and to go into spins. Increasing the aspect ratio of unswept 
wings increases the damping in roll but does not materially alter the 
characteristics at the stall. 

The data of figure ll show that changing from an unswept to a swept 
wing causes a pronounced change in the damping-in-roll characteristics, 
The solid-line curve is for a 4'3' meptforward wing and the dashsd-line 
curve for a 45O sweptback wing. Both wings have an aspect ratio of 2,6, 



The f a c t  t ha t  the swept w i n g s  have a smaller value of 
ZP 

than the 

unawept wing at zero l i f t  i s  par t ly  because of the sweepback but mostly 
because the  swept wings a r e  of much lower aspect r a t i o .  (see 
reference 6.) The experimental data a r e  i n  agreement with the theory 
a t  zero l i f t .  The derivative C fo r  the  sweptforward wing increases 

2~ 
rapidly with l i f t  coefficient,  however, and at the  stall it decreases 
sharply and becomes posit ive or unstable as i n  the case of the unswept 
wing. The rapid increase of 

CzP 
with l i f t  coefficient i s  not 

accounted f o r  by present theories but it can be explained by the  
change i n  span load d is t r ibut ion  vhich takes place on the sweptforward 
wing . 

In the case of the sweptback wing, a s l igh t  increase occurs i n  C 
2~ 

v i t h  increasing l i f t  coefficient up t o  some moderately high l i f t  coeffi- 
c ient  anlk then the  C Z  changes abruptly. This change, however, is  

P 
more gradual than i n  the case of the unswept or sweptforward wings and 
the value of C remains negative or s tab le  even beyond the stall. z~ 
For swept wings having a very large amount of sweep or a very small 
aspect r a t io ,  C z ~  does become unstable at the stall or at even lower 

l i f t  coefficients.  The f a c t  t h a t  the  sweptback w i n g s  of moderate sweep 
and aspect r a t i o  maintain damping i n  r o l l  at the  stall is very important 
for  it me- tha t  a q y  r o l l - o f f s  at the stall. should be l e s s  violent than 
on aos t  Luxswept wings. 

EFFECT OF IMPORTANT STABILITY DERIVATNES ON FLYING CHARACTERISTICS 

The effects  of the two most important s t a b i l i t y  derivatives - the 
direct ional  or weathercock s t a b i l i t y  derivative Cng aPd the  effect ive-  

aihedral derivative C - have been the subject of extensive studies,  
I3 

both experimental (references 60 t o  68) and theoret ical  (references 69 
t o  71). The r e s u l t s  of these s tudies  have generally been i n  go.& agree- 
ment ma consequently only a typica l  s e t  of r e su l t s  w i l l  be discussed. 
The r e s u l t s  of an investigation i n  the  Langley free-f l ight  tuu le l  of 
the  e f fec ts  of C and C (reference 65) a r e  presented i n  f igure 12. nB ZP 
In t h i s  investigation a nodel w a s  flown with a large number of combi- 
nations of ver t ical- ta i l  area and geometric dihedral which provided the 
changes i n  Gp and CzP.  The r e s u l t s  a re  plotted i n  the  form of a 

s t a b i l i t y  chart with as the ordinate and --C as the abscissa 
8 

a d  with the  f l i g h t  behavior obtained with the different  combinations 
of hg and Czg  indicated by the crosshatched regions on the chart. 



These r e su l t s  a re  f o r  a l i f t  coefficient of 1.0 and fo r  ailerone-&lone 
control (rudder fixed) and only represent a small part  of the r e su l t s  
of the comprehensive investigation reported i n  reference 65 ,  

The s t a b i l i t y  chart of f igure 12 can be explained more clear ly by 
considering the  f l i g h t  behavior of the  model withathe three combina- 
t ions  of C, and Clg marked @) , @, and @, each within a P 
d i f fe rent  region on the  chart. Point @ represents a sat isfactory 
combination because with t h i s  condition the model w a s  easy -to f l y  and 
responded sa t i s f ac to r i ly  t o  the controls with l i t t l e  adverse yawing. 
Point @, which has a lower value of CnB but the  same value of -Czg, 

was not considered ent i re ly  sat isfactory because with the decreased 
weathercock s t a b i l i t y  excessive adverse yawing occurred during a i le ron  
r o l l s .  This point was considered sat isfactory when rudder w a s  coordi- 
nated with the ai lerons t o  eliminate t h i s  adverse yawing. Point @, 
whfch has low CnP and high 4 1  represents an unflyable conclition B ' 
with ai lerons alone. In t h i s  cape, the low weathercock s t a b i l i t y  
p e d t t e d  excessive adverse yawing which, i n  combination with the 
large value of effect ive dihedral or ro l l ing  moment due t o  s idesl iy ,  
caused reversal  of a i leron effectiveness. That is, when r igh t  a i le ron  
control was glven, the  model s ta r ted  t o  r o l l  t o  the r ight  but it a lso  
s ta r ted  t o  yaw t o  the  l e f t  (or  s ides l ip  t o  the r i g h t )  and the  l a ~ g e  
value of ro l l ing  moment due t o  s ides l ip  C l g  then caused large adverse 

r o l l i n g  moments which overpowered the ai lerons and caused the model t o  
r o l l  t o  the l e f t  instead of t o  the r igh t .  Here again, when the rzldder 
w a s  coordinated with the  ailerons,  f l i g h t s  could be made but even i n  
t h i s  case the f lying character is t ics  were not considered sat isfactory 
because of a weak weathercocking tendency and a l igh t ly  damped Dutch 
r o l l  osci l la t ion.  This osc i l la t ion  is discussed i n  d e t a i l  i n  the next 
paper "Dynamic Stabi l i ty ,  " by Sternfield.  

CONCLUDING IiEMAXKS 

During the w a r  years and since the w a r ,  a great amount of experi- 
mental and theoret ical  research i n  the f i e l d  of l a t e r a l  s t a b i l i t y  was 
carried out and many advances were made toward a be t t e r  understanding 
of the problems involved. Much of the information, however, is s t i l l  
not in a form t o  be used d i rec t ly  i n  airplane design, and i n  many 
cases, fur ther  correlation and analysis a re  required t o  r ea l i ze  the 
f+ull potent ial  usefulness of the r e su l t s .  



Some experimental work has been done t o  determine the e f fec ts  of 
Reynolds number,and theore t ica l  work, t o  determine the e f fec ts  of h c h  
number (references 72 t o  75) on the various s t a b i l i t y  derivatives. 
EaLch more research appears t o  be necessary, however, t o  determine f u l l y  
these effects .  Further studies should a l so  be made of the e f fec ts  on 
l a t e r a l  s t a b i l i t y  and control of other factors  such a s  aeroelast ic i ty ,  
wing a i r f o i l  section and surface roughness, .and win@uselage-tail 
interference. 
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