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NATIONAL ADVISORY COMICETEZ FOR AERONAUTICS 

TECENICAL NOTE 1982 

AN INTRODUCTION TO THE PHYSICAL ASPECTS 

OF HELICOPTER, STmILI!SY 

By Alfred Gessar and Kenneth B. A m m  

I n  order t o  provide engineers interested in  rotating-wing 
a i r c ra f t  but with no specialized t ra ining i n  s t a b i l i t y  theory sane 
understanding of the  fac tors  t h a t  influence the f lying qua l i t i es  of 
the  helicopter, an explanation is made of both the s t a t i c  s t a b i l i t y  
and the stick-fixed osc i l la t ion  in  hovering and forward f l i g h t  i n  
terms of fundamental physical quantit ies.  Three s ignif icant  s t a b i l i t y  
factors  - s t a t i c  s t ab i l i t y  with angle of attack, s t a t i c  s t ab i l i t y  
with speed, and damping due t o  a pitching or ro l l ing  velocity - a r e  
explained-in de ta i l .  

INTRODUCTION 

Most of the  published l i t e r a tu re  011 helicopter s t a b i l i t y  is  
writ ten f o r  the  spec ia l i s t  i n  s t a b i l i t y  theory and is somewhat d i f f i cu l t  
f o r  the average engineer t o  understand. 
mental ideas underlying helicopter s t a b i l i t y  i n  terms of the basic 
physical parameters involved rather than i n  specialized mathematics 
therefore appears desirable. 

A n  explanation of the funda- 

The subject is introduced by discussions of the means of 
helicopter control  and the or igin of the forces and m o n e n t s  which 
a c t  on the helicopter as a resu l t  of deviations f r o m  trimmd f l igh t  
conditions. 
helicopter and t o  the helicopter i n  forward f l i gh t .  
of the s t a b i l i t y  of the helicopter i n  both of these conditions is 
aided by analogy with the s t a b i l i t y  of the fixed-wing airplane.  
e m p r i s o n  is made possible i n  hovering because of the  f ac t  that the 
zero lateral velocity of the  trimmed airplane in forwar‘d f l i gh t  is 
analogous t o  zero t rans la t iona l  velocity of the hovering helicopter. 
I n  forward f l igh t ,  helicopter longitudinal s t ab i l i t y  may be d i rec t ly  
cmpared with the corresponding motiona of the airplane. 

These fundamental ideas a re  then applied t o  the hovering 
An understanding 

This 
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The handling qua l i t i es  of an a i r c ra f t  are those s t a b i l i t y  and 
control character is t ics  that a f f ec t  the ease and safety of f ly ing  
the a i r c ra f t .  
helicopter s t a b i l i t y  which, aside frclm its d i rec t  effect  on handling 
quali t ies,  must a l s o  be studied in  order t o  understand control 
characterist ics.  The first phase Of s t a b i l i t y  considered is  s t a t i c  
s t ab i l i t y ,  which has an obvious influence on the  handling qua l i t i es  
of the helicopter. 
period of the control-fixed osci l la t ion of the  helicopter is given, 
not because the period necessarily a f fec ts  the p i lo t ' s  opinion of 
the handling qua l i t i es  (see reference 1) but because the factors  that  
a f fec t  the period are thought t o  influence the p i lo t ' s  opinion Of the 
handling qual i t ies .  
conyenient way t o  gain an understanding of these factora, which in  
turn is considered t o  be of value in evaluating and improving helicopter 
handling qual i t ies .  

This paper is primarily res t r ic ted  t o  a study of 

In  the secand phase, a detailed discussion of the 

A study of the period is thus f e l t  t o  be a 

In  t h i s  paper, only the single-rotor helicopter with fully 
ar t iculated blades, flapping hinges an the ro tor  shaft, and a conven- 
t i o n a l  control system is  considered as it is the  fundamental configura- 
tion. 

SYMBOIS 
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gross weight of hel3copter or airplane, pounds 

ro tor  thrust, pounds 

airplane or helicopter l i f t ,  pounds 

t rue  airspeed of helicopter or  airplane along f l i g h t  
path, f ee t  per second 

blade radius, feet 

airplane wing span, feet 

ro tor  disk area or airplane wing area, square feet 

mass density of air, slugs per cubic foot 

rotational velocity of rotor, radians per second 

thrust coefficient 
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Cm 

t i p s p e e d  r a t i o  

angular velocity of helicopter (pitching or roll ing),  
radians per second 

mass constant of rotor blades; expresses r a t i o  of a i r  
forces t o  mass forces (7  
t o  blade mament of iner t ia  about flapping hinge) 

is inversely proportional 

angular displacement of rotor  cone due t o  angular 
velocity of helicopter, radians 

period of oscil lation, seconds 

acceleration due t o  gravity, f ee t  per second per second 

pitching mcmmnt, foot-pounds 

damping in pi tch or r o l l  (rate of change of pitching or 
rol l ing moment w i t h  pitching or ro l l ing  velocity), 
foot-pounds per radian per second 

f l i gh t  s t a b i l i t y  (rate of change of moment with 
t ranslat ional  velocity), foot-pounds per foot per 
second 

s t a t i c  s t a b i l i t y  with angle of attack, (rate of change 
of moment w i t h  angle of a t tack)  foot-pounds per 
radian 

rate of change of thrust w i t h  angle of attack, pounds 
per radian 

p i t  c hing-mmnt c oeff i c  rent f o r  helicopter; 

f o r  airplane where 5 is mean aerodynamic 
1 2 -  -pv s c  
2 

chord 
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a 

.e 

h 

helicopter or airplane fuselage angle of attack, degrees 

distance between ro to r  shaft and helicopter center of 
gravity; positive when center of gravity is rearward, 
feet 

height 'of rotor  hub above helicopter center of grav3ty, 
feet 

component a t  blade element of resultant velocity 
perpendicular t o  blade-span axis and t o  rotor  shaft, 
f e e t  per second 

component a t  blade element of resultant velocity 
perpendicular both,to blade-span axis and UT, f ee t  
per second 

UP 

I 

a blade+Iement angle of attack measured from l i ne  of r 
zero l i f t ,  radians 

Helicopter nose-up moments, angular displacements, and angular 
velocit ies are assumed t o  be positive. For l a t e r a l  motions from 
hovering, moments, angular displacements, and angular veloci t ies  which 
tend t o  ra i se  the advancing side of the fuselage are positive. 
i n  t ranslat ional  veloci t ies  i n  the direction of increasing velocity, 
a s  w e l l  as  upward forces, are a l so  positive. 

Changes 

STABIIZTY DEFIXITIONS 

The following s t a b i l i t y  definitions a re  given f o r  term6 used 
herein: 

T r i m  -An a i r c ra f t  is  trimmed i n  steady f l i g h t  when the resultant 
force and mament on the a i r c r a f t  a re  equal t o  zero. 

Aircraft  s t a b i l i t y  - Stab i l i t y  is  related t o  the behavior of an 
a i r c ra f t  a f t e r  it i s  disturbed s l ight ly  frm the trimmed condition. 

S t a t i c  s t a b i l i t y  - A n  a i r c ra f t  is s t a t i ca l ly  s table  if there  is an 
i n i t i a l  tendency f o r  it t o  return t o  i t s  trim condition a f t e r  an 
angular displacement or a f t e r  a change i n  t ranslat ional  velocity 
f r o m  t h a t  condition; it is unstable i f  it tends t o  diverge f r o m  
tr im a f h r  being displaced. A n  a i r c ra f t  is neutrally' s table  if it 
tends t o  remain i n  the condition t o  which it has been displaced. 

Dynamic s t a b i l i t y  - The dynamic s t ab i l i t y  of an a i r c ra f t  deals w i t h  
the osci l la t ion of the a i r c r a f t  about i t s  trim position following 
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a disturbance from trim. 
of amplitude of two oscil lations with t i m e .  
oscil lations,  which is defined a s  the  time required fo r  the oscilla- 
t i o n  t o  go through one cycle, is  shown i n  t h i s  figure. 
envelope of the osci l la t ion (dash l ine)  decreases i n  magnitude w i t h  
time, the osci l la t ion is dynamically stable; if it increases with 
time, the osci l la t ion i s  dynamically unstable. 
or half the amplitude of the  osci l la t ion is defined as the time 
necessary f o r  the amplitude of the envelope t o  double or half.  This 
quantity is a measure of the degree of s t a b i l i t y  or i n s t ab i l i t y  of 
the osci l la t ion in  that a small time t o  half the amplitude indicates 
a rapidly convergent' or highly stable oscillation; whereas, a small 
time t o  double .amplitude indicates a rapidly divergent or highly 
unstable oscil lation. 

Figure 1 i l lu s t r a t e s  a typ ica l  variation 
T h e  period of these 

I f  the 

The time t o  double 

ROTOR CHARACTERISTICS 

Rotor Control 

The means f o r  controlling the conventianal helicopter can be 
visualized by considering a system such as that shown in  figure 2 
cmposed of a shaft rotating counterclockwise (as  viewed frm above) 
and t o  which are attached two blades which a re  free t o  f l ap  about a 
chordwise axis perpendicular t o  the shaft. 

If the shaft is suddenly t i l t e d  t o  the position shown in figure 2(b), 
the plane of rotatian w i l l ,  f o r  an instant, remain unchanged because 
the blades a re  hinged. 
plane of rotat ion would continue t o  remain i n  its or iginal  position 
because no forces normal t o  the plane of rotat ion a re  produced. 
Examination of the achematic detailed views of the rotor  hub i n  
figures 2(c) and 2(d) shows t h a t  t h i s  condition of no plane-of-rotatian 
tilt is mechanically possible. Under ac tua l  operating conditions, 
however, the plane of rotat ion w i l l  change because of the a i r  forces 
that  a r e  produced as a resu l t  af the shaft tilt. 
figure 2(b),  the tilt. of the  shaft causes the angle of a t tack of the 
blades t o  change cyclically. Thus, the blade moving t o  the  le f t  has 
an increased lift and moves up t o  a maximum positive displacement 
onsquarter revolution after the position of maximum l i f t .  
moving t o  the r igh t  has a decreased l i f t  and moves down t o  a maximum 
negative displacnment ane-quarter revolution after the position of 
maximum negat'ive l i f t .  
rotat ion i s  again perpendicular t o  the rotor  shaft as shown i n  
f igure 2(e) .  Thus, although by tiltiag the  shaft it was impossible t o  
force physically the hinged blades t o  aline themselves with the shaft, 
the tilt produced a cyclic change in  blade angle of a t tack such that 

If the rotor were located i n  a vacuum, the 

A s  can be seen in 

The blade 

Therefore, a short time later, the  plane of 
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the  a i r  forces brought the blades in to  proper alinement. This idea 
can be applied d i rec t ly  t o  a helicopter i n  that, if the rotor shaft 
is t i l t e d ,  the rotor  w i l l  quickly re-aline itself with respect t o  the 
shaft. 
effective- tilts the shaft with respect t o  the fuselage. 
result ing tilt of the rotor  with respect t o  the fuselage w i l l  produce 
a mament about the helicopter center of gravity, because the ro tos  
thrust ac t s  approximately perpendicular t o  the plane of' rotation and 
the center of gravity l ies  on the t r im l ine  of thrust. 
present discussion the rotor  thrust is  assumed t o  a c t  at  r igh t  angles 
t o  the plane of rotation. 
a quali tative understanding of helicopter s t a b i l i t y  and c a t r o l .  ) 

A movement of the control s t i ck  of a conventional helicopter 
The 

(In the 

This assumption is suff ic ient ly  exact for 

Damping i n  Pi tch (or  R o l l )  

The foregoing discussion points aut t ha t  sane delay ex is t s  between 
a rapid shaft tilt and the realinement of the ro t a r  with the shaft. 
Thus, if the shaft continues t o  tilt, the plane of rotat ion w i l l  
continue t o  lag behind the rotor  shaft. Also pointed out wa~ the  
f ac t  that, when the rotor plane is  displaced frm its perpendicular 
position relat ive t o  the shaft, a i r  forces a re  produced. 
therefore, that although no moanents could be transmitted d i rec t ly  
frm the shaft  t o  the hinged rotating blades, the aerodynamic forces 
produced when the rotor  i s  displaced frm the shaft supply the mament 
necessary t o  overcame continuously the flapping iner t ia  of the rotor  
during steady pitching or roll ing.  

It follows, 

A simple derivation given in  reference 2 yields the following 
resu l t  f o r  the angular displacement of the rotor plane with respect t o  
the shaft per uni t  t i l t i r i g  velocity of the shaft: 

- = -  6 16 
Lo YQ 

The dimensions of the quantities of e i ther  side of equation (1) w i l l  
be noted t o  be the units of time. The quantity 1 6 / 7 ~  can be 
interpreted physically as follows: If the rotor shaft i s  t i l t i n g  a t  
any- constant angular velocity, the thrust vector reaches a given 
a t t i tude  in  space 
that  a t t i tude .  

1 6 / 7 ~  seconds a f t e r  the rotor  shaft has reached 

If a helicopter is  t i l t e d  a t  an angular velocity w, as sham i n  
figure 3,. the ensuing lag of the rotor plane displaces .the thrust  
vector and thus produces a moonent about the center of gravity. 
moment due t o  t i l t i n g  velocity i s  known as  "damping i n  pitch" or "damping 
i n  roll", depending upon the axis about which the t i l t i n g  OCCWS, 

This 
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and can be expressed mathematically as LAM/& or G. Because t h i s  
mament is  always opposite t o  the t i l t i n g  velocity f o r  the conventional 
rotor, % 
negative i n  sign. 
motions frm hovering are similar, descriptions of e i ther  motion are 
applicable t o  the other.) 

is always s tabi l iz ing and according t o  the convention, 
(Inasmuch as the effects of l a t e r a l  and lmgi tudina l  

Flight S tab i l i ty  

Consider the rotor  of figure 2(a) mounted on a helicopter which 
is  subjected t o  a t ranslat ional  velocity. 
tional velocity i s  t o  tilt the plane of rotation in a direction away 
frm the velocity of t ranslat ion a s  shown i n  figure 4. This t i l t i n g  
of the rotor  plane i s  a resu l t  of blade flapping which arises from 
differences i n  l i f t  on the advancing and retreating blades brought 
about by differences i n  velocity. Blade flapping, which cyclically 
varies the blade angle of attack, tends t o  equalize these differences 
i n  lift. 
flapping w i l l  increase) with increasing t ranslat ional  speeds, inaamuch 
a s  the velocity of the advancing blades becmes increasingly greater 
than the velocity of the ret reat ing blades. Figure 4 indicates tha t  
t h i s  tilt of the rotor plane due t o  t ranslat ional  velocity w i l l  
produce a mament about the helicopter center of gravity. The mment 
w i l l  be nose-up with increasing speed and rrose-d.arn with decreasing 
speed. The variation of moments due t o  changes in  t ranslat ional  
velocity is  a measure of f l i gh t  s tab i l i ty ,  which can be expressed 
mathematically as M/OV or %. Inasmuch a s  nose-up moments  a r e  
considered positive, MV 
helicopter ro t  or. 

The effect  of t h i s  transla- 

The rotor plane w i l l  tilt far ther  backwards. (that is, 

is always positive f o r  the conventional 

Variation of Rotor Mament and Force with Fuselage Angle of Attack 

A s  shown i n  figure 2, a change in  a t t i tude  of the hovering 
helicopter (which i s  prevented fram translating) resu l t s  i n  an equal 
tilt of the rotor  plane with the resu l t  tha t  no ro to r  mament or change 
i n  thrust occurs. I n  forward f l i gh t ,  however, a change i n  longitudinal 
a t t i tude  (fuselage angle of attack) w i l l  produce a rotor  mament and a 
thrust change. 
attack a t  constant velocity a r i ses  f romthe change i n  flapping (tilt 
of the rotor  plane re la t ive  t o  the fuselage) and can be understood by 
an examination of figure 3. 
angle of a t tack a. from the trim value a s  shown in figure 5(a) .  The 
changes i n  re la t ive velocit ies and angle of attack of a typical blade 
element, which resu l t  from t h i s  change i n  fuselage angle, a re  shown 

This mament due t o  a change i n  fuselage angle of 

Consider a nose-up change i n  fuselage 
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i n  figure 5(b) where Up, %, and a+, represent trimmed values. 
The change in  blade section angle of attack LLr, i s  equal t o  AUp/UT 
( fo r  the  usual assumption of sma l l  angles included i n  helicopter analy- 
ses),  and the change i n  lift a t  t h i s  section, which i s  proportional 
t o  A ~ . $ T ~ ,  is therefore proportional t o  AUpUr. Inasmuch as nV, is  
constant over the rotor  disk (the component of f l i gh t  velocity through 
the disk is  constant over the disk), the change i n  l i f t  due t o  the 
change in  fuselage angle of a t tack i s  greater on the advancing blade 
where i s  highest. T h i s  unequal increase in  l i f t  between the 
advancing and retreating blades is  compensated for by increased flapping 
or a backward tilt of the rotor  cone w i t h  respect t o  the fuselage. 
A t  the sams t i m e ,  the increased l i f t  a t  a l l  s e c t i w s  resu l t s  i n  an 
increase i n  the magnitude of the ro tor  thrust .  
t h i s  tilt of the thrus t  vector w i t h  respect t o  the fuselage, which 
resu l t s  frm the nose-up change i n  fuselage angle, produces a nose-up 
mament about the fuselage center of gravity which i s  accentuated by 
the increased magnitude of the rotor  thrust .  If  a nose-dawn change 
i n  fuselage angle had been considered, the r e su l t  would have been a 
forward tilt of the rotor  cone re la t ive  t o  the fuselage and a reduction 
i n  thrust. Inasmuch a s  a change i n  angle r e su l t s  i n  a change in 
magnitude as well as a tilt of the thrust  vector, doubling a nose-up 
change i n  angle more than doubles the nose-up mament. 
doubling a nosedown change in angle resu l t s  i n  l e s s  than a doubled 
nose-dawn moment but nevertheless a nose-dcwn moment. 

Figure' 5(a) shows that 

Conversely, 

The preceding discussion shows that the variation of mment about 
the center of gravity with angle of a t tack a t  canstant speed forsthe 
helicopter rotor  would be a s  shown i n  figure 6. This figure shows 
tha t  the rotor  is unstable with fuselage angle of attack and that a 
given change i n  angle of attack frm trim produces a greater mament 
change i n  the nose-up direction than i n  the nose-down direction. 
figure also shows that the ins tab i l i ty  w i t h  angle of attack becaanes 
greater w i t h  larger nose-up a n g l m f d t t a c k  changes and smaller w i t h  
larger nose-down angle-ofat tack changes. 

T h i s  

The variation of mament due t o  changes i n  fuselage angle is  a 
measure of s t a t i c  s t ab i l i t y  w i t h  angle of a t tack which may be 
expressed mathematically as AM/& or M,. For the s t a t i ca l ly  
unstable helicopter rotor, M, is, according t o  the sign convention, 
always positive i n  sign. 
is expressed mathematically a s  A"/&, or T,. For the conventional 
helicopter rotor, T, is  positive. 

The variation in thrust  w i t h  angle change 
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STABILITY I N  HOVERING FLIGHT 

S t a t i c  S tab i l i t y  

9 

The definit ion of s t a t i c  s t ab i l i t y  provides that ,  with respect 
t o  angular displacements , the helicopter possesses neutral  s t a t i c  
s t a b i l i t y  while hovering, i n  that if it i s  displaced in roll or pitch 
and prevented from translat ional  motion, no maments w i l l  a r i s e  t o  
tend t o  restore it t o  i ts  original position. The concept can be 
understood by remembering that  the resultant rotor thrust  always 
passes through the helicopter center of gravity irrespective of the 
angular position of the helicopter. It might be pointed out that  the 
conventional f ixed-wing airplane i n  forward f l i g h t  is a l so  neutrally 
stable i n  roll i n  tha t  no restoring or upsetting moments a re  produced 
when the airplane i s  displaced i n  roll. Although no restoring 
moments w i l l  be produced by the angular displacement of the airplane, 
t h i s  displacement w i l l  r e su l t  i n  a l a t e r a l  velocity due t o  the 
unbalanced l a t e r a l  camponent of l i f t  force. Once the airplane i s  
moving la te ra l ly ,  the dihedral of the wings, cambined w i t h  the s idesl ip  
velocity, produces a mament tending t o  reduce i t s  l a t e r a l  velocity 
by t i l t i n g  the airplane i n  a direction opposite t o  i t s  i n i t i a l  tilt. 
This effect  can be seen in figure 7. 
wing dihedral i s  s t a t i ca l ly  stable with regard t o  changes i n  lateral  
velocity. 

Thus, an airplane w i t h  suff ic ient  

A similar s i tuat ion ex is t s  f o r  the hovering helicopter. An angular 
displacement of the helicopter, while direct ly  producing no restoring 
mament, w i l l  r e su l t  i n  a t ranslat ional  velocity due t o  the unbalanced 
horizontal component of the thrust  force. A s  a resu l t  of f l i g h t  
s tab i l i ty ,  a mament i s  produced which t i l ts  the helicopter SO t ha t  
the horizontal camponent of the thrust  vector ac t s  t o  reduce the 
t ranslat ional  speed t o  i t s  i n i t i a l  zero value. Thus, because of i t s  
positive f l i g h t  s tab i l i ty ,  the helicopter is s t a t i ca l ly  stable w i t h  
regard t o  changes in translational velocity. The mament produced by 
a t ranslat ional  velocity should be noted t o  be analogous t o  the mcrment 
produced by wing dihedral and s idesl ip  velocity f o r  the fixed-wing 
airplane i n  forward f l i gh t .  

Dynamic S tab i l i t y  

The dynamic behavior of the hovering helicopter when upset i n  r o l l  
or pitch can best be explained by f i r s t  examining the elements that 
influence the behavior of the fixed-wing airplane i n  forward f l i g h t  
when upset i n  r o H ,  inasmuch a s  the behavior of' both a i r c ra f t  i n  
these conditions a re  similar i n  many respects. 



10 NACA TN 1982 

Analogy with the airplane.- I n  order t o  study the dynamic behavior 

of the airplane, a more detailed discussiool of its behavior when 
displaced in  r o l l  is  desirable. 
i n  r o l l  t o  the r igh t  as in f igure 7(a). A resul tant  force t o  the 
r igh t  can be observed that causes the airplane t o  s ides l ip  t o  the 
r ight .  Once the airplane is moving la teral ly ,  the dihedral of the 
wings cambined with the s ides l ip  velocity produces a mament tending 
t o  res tore  the airplane t o  a leve l  attitude a s  in f igure ~(3). If 
the airplane i s  assumed t o  be restrained Frm yawing about its ver t ica l  
axis  so that no other effects  are present, this mament w i l l  succeed in  
leveling the aill$,laneo Hawever, when the airplane reaches a leve l  
a t t i tude ,  -it s t i l l  has a lateral velocity that causes it t o  continue 
t o  r o l l .  The horizontal  cmprment of wing l i f t ,  now act ing t o  the 
l e f t ,  causes the airplane t o  lose its l a t e r a l  velocity and t o  end up 
i n  the condition shown in  figure 7(c),  wherein the airplane has zero 
lateral velocity but is  displaced i n  r o l l  t o  the l e f t o  
force t o  the l e f t  causes a movement t b  the l e f t ,  and the cycle of 
events is repeated i n  the form of an osci l la t ion.  
of the osc i l la t ion  increases with time, the airplane is by defini t ion 
dynamically unstable; if the motion decreases in amplitude d t h  t i m e ,  
it is considered dynamically s table .  

Consider again the airplane displaced 

The resul tant  

If the amplitude 

During the osci l la t ion,  the  airplane has an angular velocity 
about i t s  longitudinal axis. A t  the instant when the airplane is 
i n  the posit ion shasn in figure 7(b), fo r  example, it is ro l l ing  t o  
the l e f t .  
of a t tack  of the r igh t  wing. 
a t tack  of the l e f t  wing i s  increased. Thus a clockwise mconent is 
produced that tends t o  oppose the counterclockwise angular velocity 
of the airplane.  The i n i t i a l  angular displacement of an airplane 
thus resu l t s  i n  an osc i l la t ion  during which the airplane is  acted 
upon by.two opposing moments: 
s ides l ip  velocity; and the second, a damping moment produced by the 
angular velocity of the airplane. 

The r e su l t  of the ro l l i ng  velocity i B  t o  reduce the angle 
Similarly, the angle of (See f ig .  8.) 

the first, a mcanent produced by the 

Helicopter motian following a disturbance .- The motion fo l la r ing  
an i n i t i a l  angular displacement of 8 helicopter, a s  well as the 
maments act ing on it during the oscil lation, i s  analogous t o  the motion 
(and maments) just  described. Jus t  as f o r  the airplane, it is  desirable 
i n  the study of the dymmic behavior of the hovering helicopter t o  
discuss the motion of the helicopter following an angular displacement 
i n  greater d e t a i l  than was done i n  the section en t i t l ed  "Stat ic  Stabi l i ty ."  

If the hovering helicopter is  displaced in r o l l  t o  the r igh t  
( f i g .  9(a)) ,  the resul tant  force t o  the r igh t  w i l l  cause the helicopter 
t o  move t o  the configuration shown i n  figure g(b). 
i n  moving frm the posit ion of f igure g(a)  t o  t h a t  of f igure g(b), is 

The helicopter, 
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subjected t o  a counterclockwise mament due t o  f l i g h t  s t ab i l i t y .  
mament r o l l s  the helicopter until it reaches the configuration sham 
in figure g(c).  
helicopter, so  that  it returns t o  zero horizontal velocity i n  the 
position of figure g(d) .  
now present, the helicopter starts t o  move t o  the le f t .  By proceeding 
in the manner degcribed for the first half of the cycle, the helicopter 
reaches the position shown i n  figure g(a) , a t  which time one cycle 
of the osci l la t ion w i l l  have been campleted, and the process repeats- 

T h i s  

A horizontal force now tends t o  slow down the 

Because a horizontal force t o  the l e f t  is  

Just  as is t rue  of the fixed-wing airplane i n  a lateral  oscilla- 
t ion,  the helicopter has an angular velocity about its am axis  during 
the osci l la t ion which a l s o  resu l t s  i n  a mament due t o  damping i n  roll. 
T h i s  mament has an important effect  on the oscil lation. 
the position of the helicopter shown in figure g(c). A t  t h i s  instant 
the helicopter has a counterclockwise angular velocity which causes 
a sma l l  clockwise tilt of the rotor cone from that sham with damping 
neglected. The actual  configuration of the rotor, with damping ' 

considered, is as sham in  figure 10. 
figure, the angular velocity of the helicopter causes the rotor  cone 
t o  lag  behind the position it would have if no damping were present. 

Examine 

A s  can be seen fram t h i s  

Thus far the separate ef fec ts  result ing frm an angular displace- 
ment i n  a t t i t ude  of the helicopter have been examined. It has been 
seen t h a t  the resu l t  of the displacement i s  an oscillation, and it dl1 
nuw be shown that f l i gh t  s t a b i l i t y  and damping in  pi tch (or roll) are 
most important in  influencing the period of the oscil lation. 
factors  that influence the divergence or convergence of the osci l la t ion 
a re  indicated subsequently herein. ) 

(The 

I n  order t o  examine the cmbined ef fec ts  of f l i g h t  s t a b i l i t y  and 
damping in pitch, the motion following an angular displacement of a 
hovering helicopter is examined in successive steps. 
of c lar i ty ,  f l i g h t  s t ab i l i t y  and damping i n  pitch a re  assumed t o  a c t  
successively, although the i r  effects  actually occur simultaneously. 
Each of the following cycles of events should, therefore, be considered 
as occurring over a very short interval  of t i m e .  Also, the mament of 
inertia of the fuselage is  assumed t o  be negligible f o r  the immediate 
discussion. 

For the sake 

Consider a hovering helicopter displaced i n  roll (or in pitch) 
t o  an a t t i tude  shown i n  figure l l (a ) .  Although no mament is produced 
about the center of gravity of the helicopter, a resul t ing force 
occurs t o  the r igh t  which w i l l  cause a velocity t o  the right,  and the 
helicopter is  displaced t o  the canfiguration of figure ll(b). 
configuration, the thrust  vector has been inclined t o  the l e f t  and 
produces a counterclockwise mament about the center of gravity as a 
resu l t  of f l i g h t  s t ab i l i t y .  

I n  t h i s  

Inasmuch as the fuselage mcanent of i ne r t i a  
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was assumed t o  be negligible, t h i s  moment i n  turn quickly produces a 
counterclockwise angular velocity so that in  a short interval  of time, 
the helicopter i s  i n  the configuration of figure l l ( c )  Because of 
damping i n  pitch, the counterclockwise angular velocity has permitted 
the fuselage t o  overtake the ro tor  cone, so  that, a f t e r  a negligible 
in te rva l  of time, the rotor  tilt originally produced by the f l i g h t  
s t a b i l i t y  i s  neutralized. 
t o  the r igh t  s t i l l  exists, the helicopter continues to#accelerate  in 
tha t  direction and the process is  repeated, that is, the additional 
t ranslat ional  velocity causes an additional thrust  vector tilt t o  the 
l e f t  which produces a counterclockwise mament and an increase i n  
angular velocity. 
angular velocity permits the fuselage t o  a l ine  i t s e l f  with the thrust  
vector s o  tha t  again, a f t e r  a negligible t i m e  interval, the  additional 
tilt produced by the f l i gh t  s t a b i l i t y  is  neutralized. 

Inasmuch a s  a horizontal campanent of force 

Because of the damping i n  pitch, t h i s  increased 

Because each cycle has thus f a r  rotated the helicopter toward a 
leve l  a t t i tude,  the helicopter soon a t ta ins  a horizontal a t t i tude  a s  
shown i n  figure l l ( d ) .  The previous cycles of events continue t o  
occur i n  the same way except that  from now on the thrust  vector is  
t i l t e d  t o  the l e f t ,  and the velocity of the helicopter is  thus reduced 
u n t i l  it reaches the position of figure l l ( e )  where it has zero angular 
and t ranslat ional  velocity. This position corresponds t o  that of 
figure lL(a) .  
present, the helicopter s t a r t s  t o  move l e f t ,  the  process represented 
by f i g w e s  l l ( a )  t o  l l ( e )  is  repeated, and the helicopter continues 
t o  osc i l la te  back and forth.  
t o  move frcnn the position sham i n  figure l l ( a )  t o  that of figure l l ( e )  
i s  one-blf the period of the oscil lation. 

Because a horizontal component t o  the l e f t  i s  s t i l l  

The  time required f o r  the helicopter 

I n  reference 2, a formula is derived f o r  the period of the oscil- 
l a t ion  of a hovering helicopter baving zero fuselage mament of inertia,  
which can be written a s  

The formula f o r  % is  approximately -Thk The f l i g h t  s t a b i l i t y  Mv 

can be approxirnately calculated fram an equation that represen-t;s the 
variation of longitudinal flapping w i t h  t ranslat ional  velocity. 

u) 

From the preceding discussion, the e f fec t  of f l i g h t  s t a b i l i t y  and 
damping i n  pitch on the period can be physically interpreted. 
the helicopter moving from the position shown i n  figure l l ( a )  t o  that 
shown i n  figure ll(b). 

Consider 

The larger the f l i gh t  stabrllity, the greater 
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the thrust  vector tilt i n  figure ll(b). 
resu l t s  and, therefore, the position of figure l l ( c )  i s  reached more 
quickly. 
of the osci l la t ion.  
f l i gh t - s t ab i l i t y  tern appears in the denominator. The effect  of 
f l i g h t  s t a b i l i t y  on period appears t o  explain the experimentally 
observed difference noted i n  reference 1 between the period of the 
pitching and the  rol l ing osci l la t ion f o r  the conventional single-rotor 
helicopter. If the t a i l  rotor  shaft, f o r  example, is mounted above 
the  center of gravity, the t a i l  rotor  w i l l  add t o  the helicopter8s 
f l i gh t  s t a b i l i t y  during lateral  motion, and thus the period w i l l  be 
decreased. This effect  a r i s e s  from the change in t a i l  rotor  thrust 
due t o  the change i n  inflow tha t  occurs while the t a i l  rotor is  
experiencing a l a t e r a l  velocity. 

A Larger angular velocity 

A n  increase in f l i g h t  s t a b i l i t y  thus reduces the period 
Equation (2)  gives the same re su l t  inasmuch as the 

The effect  of damping i n  pitch can be seen by canparing figures ll(b) 
and l l ( c )  . The larger the damping in pitch, the smaller the angular 
v€?'-'oCity necessary t o  neutralize the thrust  vector tilt that  was 
produced by the f l i g h t  s t a b i l i t y  i n  figure l l ( b ) .  Slower changes in  
a t t i tude  r e su l t  and thus the position of figure l l ( e )  i s  reached later 
than i f  l e s s  damping were present. 
thus increases the period of the oscil lation. 
same resu l t  inasmuch as the  damping-in-pitch term appears i n  the 
numerat or. 

An increase in  dmping in  pitch 
Equation (2)  gives the 

According t o  the mathematics of reference 2, the presence of a 
f i n i t e  fuselage moment of iner t ia  resu l t s  in  a higher period of the 
0,scillation than that given by equation (2) .  
however, of f l i g h t  s t a b i l i t y  and damping in  pitch a re  believed t o  
be valid a l so  f o r  the case of f i n i t e  mament of iner t ia .  

The general effects,  

Although a physical representation of the effect  of the various 
parameters on the convergence or divergence of the hovering osci l la t ion 
i s  d i f f icu l t ,  t h e i r  e f fec ts  have been investigated theoretically.  I n  
reference 3, it was concluded that the dynamic ins tab i l i ty  of the 
conventional helicopter i n  hovering f l i gh t  could be reduced by 
decreasing the moment of iner t ia  of the helicopter fuselage, by 
increasing the moment of inertia of the rotor  blades about t he i r  
flapping hinges (which increases the damping i n  pitch), by increasing 
the ver t ica l  height of the rotor  above the center of gravity of the 
helicopter, and by offsett ing the flapping hinges from the center of 
the rotor.  
t ions and, therefore, cannot be easily varied. Inasmuch a s  single- 
rotor helicopters with conventional control systems have sham themselves 
t o  be dymmically unstable, means f o r  improving the dynamic s t a b i l i t y  
character is t ics  of helicopters by the addition of special  devices 
which ac t  upon the control system have been discussed i n  seve'ral papers, 
among which are references 4 and 7. 

Usually, these factors a re  fixed by other design conside- 
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S ta t i c  S tab i l i ty  

A s  was done i n  the study of s t ab i l i t y  of the helicopter i n  the 
hovering conditicm, some airplane s t ab i l i t y  concepts 'are  used f o r  
the interpretation of the physical parameters affectlng helicopter 
s t a b i l i t y  i n  forward f l i gh t .  

Analogy with the airplane.- Inasmuch as an airplane can be 

displaced in pi tch (angle-of+ttack change) or by a change i n  forward 
speed, i n  general, two aspects of s t a t i c  s t a b i l i t y  ex is t  because of 
the two sets of forces and moments produced by these two changes. 

If an airplane i s  flying i n  a trimmed position and the angle of 
a t tack i s  increased while i t s  speed is kept constant, the airplane i s  
s t a t i ca l ly  stable.with respect t o  angle of a t tack i f  the result ing 
aerodynamic mament i s  a nose-down moment. The airplane s t a t i c  
s t a b i l i t y  with angle of a t tack is  dependent upcm center-of-gravity 
position, inasmuch as variations i n  center-of-gravity position a f fec t  
the moment am of the lift forces on the wing and t a i l .  

Consider now the s t a t i c  s t a b i l i t y  of an airplane with changes i n  
speed and with angle of attack kept constant. I f  parer and Mach nmber 
e f fec ts  a r e  neglected, which is just i f ied f o r  the present discussion, 
a variation in  speed fromtr im speed while the angle of attack and 
f l i g h t  path are kept constant (as could be done in  a wind tunnel) 
produces no aerodynamic moment about the center of gravity. In other 
words, the airplane is neutrally s t a t i ca l ly  stable with speed a t  
constant angle of attack because no change i s  obtained in  l i f t  or  moment 
coefficients with speed. A given speed change frcm trim mereJy changes 
a l l  of the aerodynamic forces and moments acting on the airplane i n  the 
same proportion, and the airplane is thereby maintained i n  trim. 

With these concepts i n  mind, the s t a t i c  s t a b i l i t y  of a given 
airplane with fixed center-of-gravity location can be expressed by the 
plots  of mament coefficient 
of figure 12, data f o r  which can be obtained fram wind-tunnel tests. 
Because the mCrment coefficient a t  constant angle of attack and control 
deflection is independent of speed as shown i n  figure l2(b) ,  the 
single s ta t ic -s tab i l i ty  curve of figure 13, which does not depend on 
speed, can be obtained fram figure E ( a )  aloneo Figure 13 was obtained 
from figyre =(a) by picking off the elevator sett ings-and t h e i r  
corresponding trim angles of attack, the trim angles of a t tack being 
readily converted t o  l i f t  coefficients. 

Cm against angle of attack and speed 

This type of plot  i s  the 
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conventional way of representing the s t a t i c  s t ab i l i t y  of an airplane 
because it can be easi ly  obtained frm f l i g h t  t e s t s  of an airplane 
trimmed i n  steady leve l  f l i g h t  (that is, L = W, Cm = 0) .  A posit ive 
slope t o  the curve of figure 13 means tha t  the airplane is  stable 
s t i ck  fixed in  that a forward movement of the control s t i ck  (or down 
elevator) i s  required f o r  t r im a t  a decreased a i r p b n e  angle of 
a t tack (or CL). 

It should be emphasized that the single curve in  figure 13 
completely defines the s t a t i c  s t ab i l i t y  of an airpBne (at  fixed 
center-of-gravity position) only because the s t a t i c  s t a b i l i t y  of an 
airplane with speed a t  constant angle of a t tack is neutral .  
effect  of propeller operation i s  considered, however, a single curve 
such as t h a t  given in  figure 13 is  no longer sufficient as the airplane 
is  no longer neutrally s table  with speed a t  constant angle of attack. 
Because the helicopter has positive and not neutral  s t a t i c  s t a b i l i t y  
with speed, it is  therefore apparent that ,  l i ke  the airplane i n  the 

When the 

r-on condition, a single curve does not suffice. 

S t a t i c  s t a b i l i t y  of helicopter.- The s t a t i c  s t a b i l i t y  of the 
helicopter i n  forward f l i g h t  depends upon the maments produced on the 
helicopter by a change in  speed from trim during f l i g h t  a t  a constant 
angle of a t tack as w e l l  as moments produced by a change in  angle of 
a t tack f ran  trim at  constant speed. 
rotor  as a resu l t  of e i ther  of these changes has already been discussed 
in  the section en t i t l ed  "Rotor Characteristics .'I 

The moment contributed by the 

For the  ac tua l  helicopter, the fuselage and s tabi l iz ing surfaces 
( i f  any) w i l l  a l so  contribute aerodynamic maments which vary when 
e i ther  the speed or  angle of attack is changed. These maments are 
brought about i n  three different  ways: 

(1) Effect of a variation of moment coefficient with angle of 
a t tack on angle-ofat tack s tab i l i ty .  
fuselage has an unstable variation of mament with angle of a t tack which 
adds t o  the ro tor  angle-of-attack ins tab i l i ty .  
would contribute a s tabi l iz ing variation of mament with angle of attack. 

The conventianal helicopter 

A fixed t a i l  surface 

(2) Effect of a constant mament coefficient during steady f l i g h t  
on s t a b i l i t y  with speed. 
nose-down moment coefficient during steady f l i gh t .  Thus, i f  the speed 
of the helicopter i s  varied from trim a t  constant angle of attack, the 
result ing variation i n  mament ar is ing from the change i n  dynamic pressure 
is  destabilizing. If s tabi l iz ing surfaces contribute a, nose-up moment 
in 's tsady f l igh t ,  the resul t ing variation of mament with speed w i l l  be 
stabil izing. 

The conventional helicopter fuselage has a 
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( 3 )  Effect of a t b s t - a x i s  of fse t  due t o  a ccmstant mcansnt 
coefficient during steady f l i gh t  on s t ab i l i t y  with angle of a t tack.  
The conventional helicopter fuselage has a nose-down moment i n  steady 
f l i gh t  which is compensated fo r  by the thrust  vector being of fse t  ahead 
of the helicopter center of gravity. 
contributing an additional unstable moment var ia t ion with angle-of- 
a t tack change as can be understood by again examining figure ?(a). 
increase i n  the fuselage angle of a t tack  resu l t s  i n  a nose-up mament 
greater by an amount equal t o  the product of the thrust  increment and 
the i n i t i a l  center-of-gravity of fse t  than the mament produced by the 
ro to r  with no center-of-gravity offset .  
mcBILents, which require the thrust axis t o  be of fse t  forward of the 
center of gravity, add t o  the angle-of-attack instabi l$ty of the rotor. 
If s tab i l iz ing  surfaces contribute a nose-up moment i n  steady f l igh t ,  
the resul t ing offset  between the thrust vector and the helicopter 
center of gravity counteracts the ro to r  ins tab i l i ty  with angle of 
a t tack or, i f  the offset  is great enough, wlll even make the helicopter 
rotor s t a t i ca l ly  s table  wi th  angle of attack. 

This of fse t  resu l t s  i n  the rotor  

An 

Thus, nose-down fuselage 

The two types of f o m d - f l i g h t  s t a t i c  s t a b i l i t y  can be represented 
by the mment-eoefficient curves of figures 14(a) and 14(b) which can 
be obtained fram wind-tunnel t e s t s .  Figure 14(a) shows the var ia t ion 
of mament coefficient about the helicopter center of gravity with 
fuselage angle of a t tack  a t  various speeds. 
v a r i a t i a  of mament coefficient with speed f o r  each of the trim angles 
of a t tack  shown i n  f i g w e  14(a).  
show general trends but the shapes of the curves are  a rb i t ra ry . )  

Figure 14(b) shows the 

(Figs. 14(b) t o  17 are  presented t o  

I n  f igure &(a),  a separate curve is  required fo r  each speed; 

The reason fo r  these separate curves 
whereas the s t a t i c  s t ab i l i t y  of the airplane requires only the single 
curve sham i n  figure = (a ) .  
a r i ses  f romthe  mcBI1E3Tlts produced by a change i n  speed f r m  a trim 
point as can be seen in figure l4(b);  thus, the tr im point and curve 
of f igure 14(a) a r e  shifted.  

The amount of s t a t i c  s t ab i l i t y  or ins tab i l i ty  of the helicopter 
is  quantitatively defined by the curves of f igure 15, which represent 
the slopes of the curves of f igure 14 a t  the t r im conditions. 
Specifically, the curve of figure lg(a) was obtained by picking off 
values of airspeed and ACm/Au a t  Cm = 0 f r m  the curves of 
figure 14(a) .  Similarly, the curve of figure 15(b) was obtained from 
the  curves of f igure 14(b). 
those of figure 13 fram f l i gh t  t e s t s  have not yet  been f u l l y  explored. 

Methods of obtaining curves similar t o  

The curves of figure 15 represent a typ ica l  t a i l l e s s  helicopter 
(one with 20 horizontal  tail surface) i n  power-on f l i gh t  because it is  
unstable with angle of a t tack and s table  with speed. According t o  



NACA TN 1982 17 

reference 1, t h i s  ins tab i l i ty  with angle of a t tack is a principal 
s t a b i l i t y  deficiency of the conventional t a i l l e s s  helicopter in 
forward f l i gh t .  

It should be emphasized that the curves of figures 14 and 15 
represent the characterist ics of a h e l i c q t e r  having given center-of- 
gravity and s t i c k  positions, gross weight, rotor  speed, and collective 
pi tch and f lying a t  a given al t i tude.  
gross weight, rotor  speed, and a l t i tude  can be accounted for by 
plott ing the s t a b i l i t y  data in nondimensional farm. 
of plott ing is shown in figures 16 and 17. 

The effect  of variatiana i n  

One possible method 

I n  order t o  account f o r  a change in  s t i ck  positiun, the contribu- 
tion of the fuselage and t a i l  surfaces ( i f  any) t o  the t o t a l  value Of 

must be known. 
s t i ck  position can be effectively accounted for by correcting each 

value of Cm in figure 16 by an amount equal t o  GL ne . For the 

special  case of no mament contribution by the fuselage or t a i l  surface, 
a c e n t e r d - g r a v i t y  change a t  a given f l i g h t  condition resu l t s  i n  a 
change i n  fuselage a t t i tude  which is campensated f o r  by a change in 
s t i ck  position, and the s t a b i l i t y  of the a i r c r a f t  is  unaffecteda. 
however, e i the r  the fuselage or a fixed ta i l  surf'ace do contribute 
maments that change with angle of attack, a cente-f+g?avity change 
will, by t i l t i n g  the fuselage, chahge the fuselage mcxnents and thus 
change the horizontal distance between the thrust  vector and the center 
of gravity i n  trimmed f l igh t .  A s  discussed previously, this change in 
conter-of-gravity offset during tsinrmsd f l i gh t  does a f fec t  the s t a b i l i t y  
of the helicopter. 

Cm 
The effect  of a center--of--gravity change with fixed 

(x) 

If, 

I n  order t o  take account of variations i n  collective pitch, curves 
similar t o  those i n  figures 16 and 17 would be needed f o r  several pi tch 
values. I n  the pract ical  case, it might be more advantageous t o  p lo t  
these curves f o r  constant power instead of constant collective pitch. 

Curves similar t o  those i n  figure 16 not or&y take account .Of 
variations i n  the trim value of rotor speed but also Variations i n  rotor  
speed which w i l l  normally occur during changes i n  fuselage angle of 
a t tack or forward speed. This variation in rotor speed af fec ts  the 

'For a given f l i gh t  condition, the a t t i tude  of the rotor  plane i n  
space is  fixed. Thus, i n  order t o  maintain a given f l i gh t  condition 
when the center of gravity is  shifted and a tilt of the fuselage and 
rotor  plane resul ts ,  the control s t ick  must be moved t o  a position 
such that the rotor  plane returns t o  i t s  i n i t i a l  a t t i tude .  
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s t a t i c  s t a b i l i t y  of the helicopter. For example, the autorotating 
rotor has different s t ab i l i t y  characterist ics than the powered rotor. 
The primary reason f o r  t h i s  difference is the f ac t  that the rotor  
speed of the autorotating rotor  is not controlled by the engine but 
is  free t o  vary with changes in forward speed or angle of attack. 
Reference 6 s t a t e s  tha t  the effect  of these variations i n  rotor speed 
is  t o  make tkle autorotating ro tor  neutrally s table  with changes in 
speed a t  constant angle of a t tack and positively stable with changes 
i n  angle of a t tack a t  constant speed. Thus, the pawer-speed character- 
i s t i c s  of the helicopter engine a f fec t  the s t a b i l i t y  of the helicopter. 

Dynamic S tab i l i ty  

Many of the factors that  influence the dynamic s t a b i l i t y  of the heli- 
copter i n  forward f l i g h t  can be understood from the information already 
presented about the dynamic behavior of the helicopter i n  hovering. If 
the helicopter is assumed t o  have neutral  s t a t i c  s t ab i l i t y  with respect 
t o  changes i n  angle of attack (as  it has i n  hovering oscil lations as 
a resu l t  of near-zero airspeeds), then the period of the longitudinal 
osci l la t ion in forward f l i g h t  is primarily influenced by the 8a.m 
quantit ies a s  the hovering oscil lation: namely, f l i gh t  s t a b i l i t y  and 
damping in  pitch. 
the approximate equation i n  reference 6 fo r  the period of the longitu- 
dinal  osci l la t ion of a helicopter in  forward f l i gh t .  
which may be written a s  follows, neglects, among other things, the 
mament of iner t ia  of the helicopter (mcanent of iner t ia  is expected t o  
increaae the period) : 

This contention is borne out by an examination of 

This equation, 

If M, 
formula fo r  the period i n  hovering (equation (2) ) .  

is  assumed equal t o  zero, t h i s  formula reduces exactly t o  the 

Helicopter motion following a disturbance.- The importance of 

f l i g h t  s t a b i l i t y  and damping in pi tch can be s h m  physically by mans 
of the following discussion. 
which follows is only approximate, as secondary effects  a re  ignored.) 
Consider a longitudinal osci l la t ion of a helicopter having neutral  
s t a b i l i t y  with angle of attack. Assume the helicopter t o  be flying 
a t  a trimmed condition i n  level  f l igh t ,  a t  which time a disturbance 
causes it t o  nose down and start t o  descend a s  sham in  figure 18(a). 

(The description of the osci l la t ion 
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The camponent of weight along the f l i g h t  path w i l l  accelerate the 
helicopter and increase i t s  speed until  the helicopter reaches the 
position shown in figure 18(b). Becauae of f l i g h t  s tab i l i ty ,  t h i s  
increased velocity produces a backward tilt of the rotor plane and a 
nose-up manent ,  which i n  turn causes a nose-up angular acceleration. 

The angular acceleration leads t o  an angular velocity of such 
magnitude that the a p i n g  in pitch allows the fuselage t o  overtake 
the rotor  thrust ,  thus the vector tilt due t o  f l i g h t  s t a b i l i t y  i s  
neutralized. A s  long as there i s  a copnponent of weight along the 
f l i g h t  path, the helicopter speed w i l l  continue t o  increase and the 
preceding steps w i l l  be repeated. 
velocity of the helicopter during these steps resu l t s  i n  a cmtin- 
uously increasing fuselage angle of attack. 
continuously increase u n t i l  it levels off the glide path and the 
helicopter reaches the position shown i n  figure 1 8 ( ~ ) .  
the helicopter has approximately maximum forward speed, maximum nose-up 
angular velocity, and maximum fuselage angle of attack. 
the thrust  a t  t h i s  point is greater than the  helicopter weight (because 
the angle of a t tack 2s greater than the trim value), the helicopter 
w i l l  s t a r t  t o  climb. The campanent of weight alang the f l i g h t  path 
now opposes the forward motion and the helicopter begins t o  slow 
darn, and the backward tilt caused by f l i g h t  s t a b i l i t y  is reduced. 
result ing tilt of the rotor plane is  forward, inasmuch as the forward 
tilt due t o  damping in pi tch is  now greater than the rearward tilt 
due t o  f l i g h t  s tab i l i ty .  The nose-down m m e n t  i n  turn reduces the 
nose-up angular velocity of the helicopter t o  a value such that the 
damping i n  pi tch again neutralizes the remaining backward tilt of the 
rotor plane fracu trim position which was bruught about by f l i g h t  
s tab i l i ty ,  and the helicopter is i n  the posit ian shown i n  figure 18(d). 
The component of weight continues t o  slow dam the helicopter and the 
preceding steps a r e  repeated u n t i l  the helicopter reaches the posit ion 
of figure l8(e)  where i t s  velocity and angle of attack a re  equal t o  
the trim values and it has zero angular velocity. 
helicopter is  now climbing, it w i l l  continue t o  decelerate and the 
cycle of events depicted by figures 18(a) t o  18(e) w i l l  be repeated 
except that a l l  changes w i l l  be in  the opposite direction. Thus, as 
shown i n  figure 18( f ) ,  the helicopter w i l l  have approximately minimum 
forward speed, maximum nose-down angular velocity and minimum fuselage 
angle of attack. 
figure l8(g) ,  it is i n  the same f l i gh t  condition a s  figure 18(a), and 
the cycle of events depicted i n  figures 18(a) t o  18(e) is repeated. 

The cantinually increasing angular 

I n  turn, the thrust  w i l l  

I n  t h i s  position, 

Inaamuch as 

The 

Because the 

When the helicopter reaches the position of 

nose-up mament f o r  the increase i n  speed shown in figure 18(b). This 
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mament will cause la rger  nose-up angular ve loc i t ies  than h i ther to  
a t ta ined and the posi t ion sham i n  f igure 1 8 ( ~ )  w i l l  be reached 
sooner. 
Equation ( 3 )  gives the  same resu l t  i n a w c h  as 
denominator. 
smller the angular velocity produced by the nose-up mament of 
figure l8(b)  which is  required t o  neutralize the f l i gh t  s t a b i l i t y -  
longer t i m e  is  thus necessary t o  reach the angle of a t tack  required 
t o  leve l  off the helicopter in the posit ion sham i n  figure 18(c) .  
Thus, an increase i n  w i n g  i n  p i tch  increases the period. 
gives the same result i n  that  Ma has h e n  assumed t o  be equal t o  
zero, and % is a posit ive quantity i n  the numerator. 

Thus, an increase i n  f l i g h t  s t a b i l i t y  reduces the period. 
appears i n  the 

The la rger  the magnitude of the damping i n  pitch, the 

A 

Equation (3)  

Effect of amle-of-attack s t a t i c  s tabi l i ty  on period of wci1lati.m.- 
Equation ( 3 )  shows that  the e f fec t  of s t a t i c  s t ab i l i t y  with angle of 
a t tack  M ,  i s  t o  add to,  OT subtract  frm, the e f fec t  of damping i n  
pi tch I$,,. If a helicopter is s t a t i ca l ly  unstable with angle of 
attack, is posit ive and inaamuch as T a  is positive, the 

term E % is posftive. Thus, the magnitude of the numerator and, 
g Tu 

consequently, the period is reduced. 
in' angle of a t tack  and angular velocity vary during the  osci l la t ion,  
they must be approximate& i n  phase in order that they may be added 
algebraically. Figures 1 8 ( ~ )  and 18(f) shuw that a, and u) reach peak 
values s5multaneousl.y. 

Physically, the e f fec t  of angle-of-attack s t a b i l i t y  M, on the  damping 
i n  p i tch  and thus on the  period can be seen fram a study of figure 18(c) 
When the helicopter is i n  this  position, i t s  nose-up angular velocity, 
which is  a ~ ~ ~ i z I 1 w I 1 ,  produces a mximum nose-duwn mclmsnt due t o  damping 
i n  pitch.  
a maximum, resu l t s  i n  a maximum nose-up mcmnt in that the helicopter 
was assumed t o  be s t a t i ca l ly  unstable with angle of attack. Thus, 
the e f fec t .o f  s t a t i c  ins tab i l i ty  with angle of a t tack  is t o  reduce 
the e f fec t  of &amping in pi tch and, consequently, the period of the 
osci l la t ion.  It folluws t W t ,  if  a s tab i l iz ing  device such as a t a i l  
surface is  ins ta l led  on a helicopter t o  make it s t a t i ca l ly  s table  
with angle of attack, the period of the osc i l la t ion  w i l l  be increased. 

Inasmuch a s  moments due t o  changes 

A t  the same time, the angle of attack, which is a l so  

Influence of WV/g and T, on period of oscil lation.-  As 

previously discussed, Ma, if  stable,  adds to, or if unstable, subtracts 
fran the ,effect of %. 
quant i t ies  depend upan the re la t ive  magnitudes of the  angle-of-attack 
change and the pitching velocity. The e f fec ts  of W/g and Tu are  

The re la t ive  contributiam of 'these two 
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present because they determine the magnitude of the angle-of-attack 
change f o r  a given pitching velocity. 
maximum change in  angle of a t tack  f o r  a given maximum pitching velocity 
as follows: A t  any point i n  the osci l la t ion,  the thrus t  force w i l l  
d i f f e r  frm the weight of the  helicopter by an mount equal t o  the  
centr i fugal  force produced by the curved f l i gh t  path. A change in  
angle of a t tack  is  necessary t o  produce t h i s  change in thrust .  
change i n  thrus t  with angle of a t tack T, is increased, a given 
increase i n  thrus t  can be obtained by a smaller change in  angle of 
a t tack.  Thus, the larger  the value of T,, the srnaller the e f fec t  of 

Ma. M ,  
is divided by T,. The magnitude of the centrifugal force acting on 
the  h e l i c q t e r  per u n i t  of pitching velocity depends upon WV/g. 
Therefore, the  larger  the value of t h i s  quantity, the greater  the 
required change i n  thrust ,  the  greater the change i n  angle of a t tack  
during the osci l la t ion,  and the  greater the  effect  of Ma. 
gives the 881118 resu l t ,  inasmuch a s  is  multiplied by W/g. 

These two terms af fec t  the 

If the 

This conclusion is substantiated by equation (3) inasmuch as 

Equation ( 3 )  

Effect of s t ab i l i t y  parameters on divergence of oscillation.-An 

example of the' influence of the s t a b i l i t y  parameters that  were 
previously discussed on helicopter handling qua l i t i es  i s  the i r  e f fec t  
on the r a t e  of divergence of an osc i l la t ion  i n  forward f l i gh t .  
practice, the r a t e  of divergence may have an important e f fec t  on handling 
qual i t ies ,  par t icular ly  if the divergence is  so  great that only a 
f rac t ion  of one cycle can be tolerated.  (See reference 1.) According 
t o  an approximate formula i n  reference 6, a helicopter that is  s t a t i ca l ly  
mistable with angle of a t tack  w i l l  a l so  be dynamically unstable, but a 
large amount of damping i n  p i tch  or a sacr i f ice  i n  f l i g h t  s t a b i l i t y  
w i l l  reduce the influence of a given mount of s t a t i c  instabi l i ty .  
Thus, it appears desirable t o  incorporate i n  the helicopter same mans 
of producing s t a b i l i t y  with angle of a t tack  or a large amount of 
damping in pitch.  
e f fec t  of fuselage mamsnt of iner t ia  is  t o  increase the  dynamic 
ins tab i l i ty  - t h a t  is, the mament of inertia of the fuselage causes tb 
osc i l la t ion  t o  diverge more rapidly. 

In 

The theory of reference 6 a l so  indicates that  the 

CONCLUDING REMARKS 

I n  order t o  impart an understanding of satne of the factors  that 
af fec t  the handling character is t ics  of the helicopter, the physical 
aspects of both the  s t a t i c  s t a b i l i t y  and the control-fixed osc i l la t ion  
of the helicopter i n  hovering and longitudinal forward f l i gh t  have 
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been explained. 
s i n g b r a t o r  helicopter with fully ar t iculated blades, flapping hinges 
on the rotor shaft, and a conventional control system: 

The following have been sham t o  be t rue for a 

(1) I n  hovering, the helicopter possesses neutral  s t a t i c  s t ab i l i t y  
with respect t o  a t t i tude  changes but has posit ive s t a t i c  s t a b i l i t y  
with respect t o  changes in t rans la t iona l  velocity. 

(2) When disturbed frm a hovering condition, the resul t ing 
motion of a hel icopter i is  an osci l la t ion,  the period. of which depends 
primarily upon two factors: 
( f l i gh t  s t ab i l i t y )  and maments due t o  the angular velocity of the 
helicopter (damping i n  pi tch or r o l l ) .  

namely, maments due t o  changes in  speed 

(3) For the  helicopter in forward f l igh t ,  s t a t i c  s t a b i l i t y  with 
a t t i tude  change as well  as s t a t i c  s t ab i l i t y  with speed change mu& 
be considered; whereas, fo r  the lw-speed fixed-wing airplane, only 
s t a t i c  s t a b i l i t y  with a t t i tude  change need be considered (with puwer 
e f fec ts  neglected) 

(4) I n  forward fl igh%, the helicopter rotor is s t a t i ca l ly  s table  
with speed and s t a t i ca l ly  unstable with angle of ,at tack.  
ins tab i l i ty  with nose-up changes is greater than that with n o s e - d m  
changes. Also, the  ins tab i l i ty  with large nose-up changes is greater 
than the ins tab i l i ty  with small nos-p changes. 

The 

( 5 )  The s t a t i c  s t ab i l i t y  of the helicopter i n  forward f l i g h t  i s  
unaffected by a center--of-gravity s h i f t  if no maments are contributed 
by cmpohents other than the rotor. If there a re  other mament 
contributions, as for example, frm a fixed t a i l  surface, the  s t a t i c  
s t a b i l i t y  i s  affected. 

(6) If neutral  angle-of-attack s t ab i l i t y  is assumed and if fuselage 
iner t ia  e f fec ts  are neglected, then the motion of a helicopter following 
a disturbance in forward f l i gh t  is  an  osci l la t ion,  the period of which 
depends, as i n  the hovering conditiun, mainly upon f l i gh t  s t a b i l i t y  a d  
damping i n  pitch.  The presence of s t a t i c  ins tab i l i ty  of the h e l i c o p t s  
with angle of a t tack  causes the osc i l la t ion  t o  decrease i n  period. 

(7) According t o  an approximate theory of K. Hohenamser, dynamic 
ins tab i l i ty  i n  forward f l i gh t  can be reduced by the addition of posit ive 
s t a t i c  s t ab i l i t y  with angle of a t tack,  by increasing the damping in 
pitch, or by a sacr i f ice  i n  flight s tab i l i ty .  
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Means have 

23 

been sought for the improvement of helicopter handling 
qual i t ies  by the  use of devices which a l te r  the magnitude of one or 
more of the pertinent s t a b i l i t y  factors.  For example, several devices 
already in  use ei ther  increase the clamping i n  pitch or add posit ive 
s t a t i c  s t a b i l i t y  with angle of attack. 
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Plane of attack 
shaft tilt 

,Q I 

I 

(b;Angles of aitack produced 
by rotor shaft tilt. 

Rotor shaftAU 

j 
(a) Original equkbriurn position. 

position 

(d)Hubdetail of figure2(b). (c) Hub detail of figure 2(b). 
(Same blade position) (Blades rotated one-quarter revolution) 

/ 
(e)Final equilibrium position. 

Figure 2.- The e f fec t  of rotor-shaft  tilt on the plane of rotat ion.  
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c 

- 

Figure 3.- Suurce of damping in p i tch  for a helicopter as a resu l t  of 
pitching velocity. 

V > 

Figure k.-Effect of t rans la t iana l  velocity on a t t i tude  of rotor plane 
of rotat ian.  
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Original trim configuration 
-- ~ o n f  ~guratton after t i l t  

v ,  

UT 

(a) Side view c helicopter. (b) Ve-xity diagram O f  typical blade element. 

Figure 5.-Effect of change i n  fuselage angle o f  at tack an resultant 
rotor  force. 

Figure 6,- Pitching moment contributed by rotor about center o r  gravity 
as a function of fuselage angle of attack, 
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'-1 Right winq 

(a) R e a r  view. 

(b) Side view of right wing. 

Figure 8.- Source of ilRslping mament cp1 a fixed wing airplane a8 a result  
of rolling velocity.  
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Figure 9.- Effect of f l igh t  s tab i l i ty  on the translational motion of a 
helicopter following a displacement i n  pitch (or r o l l )  fram hovering. 

V 

-v- 

Figure 10.- Position of rotor cone with and without damping i n  r o l l  for 
helicopter i n  figure 9(c)* 
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v 4  
w = o  
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v 4  
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v = o  
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Figure U.- T r a n s l a t i o n a l  o s c i U a t i m  of a helicopter following an 
a t t i t ude  displacemnt i n  hovering. 
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(a) Plot of C, against airplane angle of' attack, 
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(b) P l o t  of C, against airplane f l igh t  velocity. 

Figure I 2  o- Basic s ta t fc-&abil i ty  curves of a typical f ixed-wing airplane 
i n  gliding flight. 

E 
L I  

a) 

w 

Figure 13.- Static-stabil i ty curve of a typical airplane obtained i n  
. gliding f l ight ,  This curve i s  independent of speed, 
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Incremnq 

(a) Plot of Cm against a. (b) Plot of cm againat V. 

Figure 14.- %sic static--stabil.ity curves far a typical tailless 
helicopter at  a fixed operating condition. 

(a) P l o t  of against V. 
m=O 

Figure 15.- Slopes of curves of figure 14 a t  Cm = 0. 
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(a) P l o t  of Cm against $. (b) Plot of C, againat p. 

Figure 16.- Basic nolldhmuiional static-Eltability curves far a typical 
t a i l l e s s  helicopter a t  a given value of collective pitch, center of 
gravity, and Stick POSitiOn. 

($9 
c,=a 

against p. (b) Plot ap (2) againat p. 
Cm=O 

Figure 17.- Slopes of curves of figure 16 a t  C, = 0. 



NACA TN 1982 
3 3  
k k  3 w o  z 

U 
II I1 II 

8 3 3  

n 
> a  
1 

U 

3 

n a 
W 

\ 

35 

U 

d P 3  
NACA-LanglV - 11-25-40 - 950 


