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A theoretical   investigation  has been =de t o  determine the   e f fec t  of 
a yaw  dzmper  on the  lateral s t a b i l i t y  of the  Douglas D-558-11  a-irplane 
for  various  m-ticipated  flight  conditions.  Since  the  airplane -le of 
attack  varies  considerably  with changes in   f l ight   condi t ion,   the   incl i -  
nation of the  rate-gyro  spin  axis is very  inportant  in  determining  the 
stabil izing  eTfect of the yaw damper. Possible a&va.ntages of orienting 
the gyro sp in   ax is   in   the   d i rec t ion  of the  a i rglane Y-axis a re  considered. 
A combination of yaw-denper gearing  rEtio and yaw-damser wes icclinat2on 
is  selected so tbat   the   a i rplane  has   sat isfactory Dutch roll s t a b i l i t y  

cruising at a Mach Ember  of 1.6 et 50,000 feet and 70,000 f e e t   i n  
l g  f l i gh t ,  &t the  same a l t i tudes  end Mach number i n  2g f l i gh t ,  and 

- f o r   t h e   f l i g h t  condi-tions  considered. These f l ight   condi t ions were 

. lending at two d i f fe ren t  lift coefficients.  

A perticular  auxiliary  control  surface i s  reconmended for  use with 
the  d.=mper, and theoretical  estimates  are  presented of the aerodynamic 
character is t ics  of the  proposed surface. The r e su l t s  of  the  investiga- 
t ion  indicated  that  a cornbilletioll of gezrirg r a t i o  and yaw-damser inclina- 
t i on  can  be  selectea so  t&t t he   l a t e ra l   s t ab i l i t y   che rac t e r i s t i c s  or" the  
Douglzs D-558-11  should  be  setisractory  in a l l  the  f l ight 'condi t ions 
cons idered. 

IhTRODUCTION 

Recent f l i g h t  tests oI" the  Douglas 11-558-11 research  airplane haxe 
ind ica ted   tha t   the   l a te ra l  or Dutch r o l l   o s c i l l a t i o n  of this airplane i s  
very  poorly demped. A t  present,   the  undesirable  stabil i ty  ckaracter-  
i s t i c s  or" the  airplane i n  the  cruising or clean  condition a t  supersonic 
Mzch nunibers -e of primary interest   since  these  characterist ics mst be 
improved before  the  airplazle  car  reach  the  speeds  of k-hich it i s  poten- 
t i a l l y  czpzble. Also, some Ciifficulty  has  been  experienced i n  the 
landin&  condition. A yaw damper has  been  designed a116 constructed by 

when imta l led   in   the   a i rp lane ,  it should markedlx inprove  the poor 
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Dutch roll s t a b i l i t y  of the Couglas 0-358-11. Brlefly,   this system will 
cause  an auxiliary  surface 5 s  be deflected  propcrtiond  to  the  airplane 
r a t e  of yaw ir, such a mancer a s   t o  darrp the ieterel xr-otions of tne   a i r -  
place. A previous  axAlysis of the   effects  05 e yaw demper on the ste- 
b i i i t y  of the Douglas D-338-E has been reported Ln reference i, but  the 
present  investigation  mkes  Ise of sta5ility  derivatives  obtained fron 
recent  wind-tunnel t e s t s  at both  subsonic a r i  supersonic  speeds and, i n  
additiori,  takes  into  consideration Yne actual   character is t ics  05 the yaw 
dmper . 

The Surpose of t h i s  paper i s  t o  determine by theore t ica l   smlys is  
the  effects  of the proposed yaw  damper on the   l a t e ra l   s t ab i l i t y  of the 
Douglas D-558-11 for  several  rep?eseatatiTre  flight  conditions o f  the  a i r -  
plene and t o  recommend, on the  basis of these  effects, a gearing  ratio 
(control  i ieflection  per  unit   rate of yaw)  and an inclination of the  ra te  
gyro  Z-axis to  the  airplane  Z-axis  such that the poor danping 02 t he   a i r -  
plane l a t e ra l   o sc i l l a t ion  will be se t i s fac tor i ly  improved. The term 
"satisfactory demping," as used i n   t h i s  paper,  implies tha t   the   l a te ra l  
osc i l la t ion  d a g s  t o  one-half em$Lit'clde i n  one cycle or l ess .  Tnis is  
zn  arbitrary  valxe which was chosen Tor convefiience in   the  calculat ions 
and i s  somewhat  more rigid  than  the Air Porce c r i t e r i o n   ( r e f .  2) for  
satisPactory dampLrs over the  range of lreauencies of the Douglas D-558-11. 
I n  addition,  attention i s  given to  the  design and location of the  coctrol 
swfece  &-hick is t o  be actuated by the  ysv damper, sirxe  the  surface 
character is t ics  will have a d i rec t  bemi-rlg on the  selection of a suitgble 
gear ips   ra t io  for the yaw damper. 

The re su l t s  of this  analysis  are  presente6 ifi the form of s t a b i l i t y  
bou-rldmies and airplane motiolzs for  the various fl ight  con6itions.  The 
motions were csiculated on a Reeves Electronic Analog Computer. 
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angle of r o l l ,  radians 

angle of yaw, redians 

angle of sideslip,  v/V, radians 

yawing a r ryhr  veloTity, dJr/dt, radians/sec 

ro l l ing  angcrlar velocity, d$/dt, radians/sec 

pitchirz  angular  velocity, de/dt, radians/sec 

sideslip  velocity along lateral  axis,  ft/sec,  radians/sec 

. 
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I 
X0 

-z0 
T 

airspeed, %/set 
&ch number 

Ditching moment of  gyro about gyro Y-axis 

ciynmic pressure, 1-35, lb/sg ft, 

w i n g  ssan, f t  

wing area, sq f t  

weight of airplane,   lb 

mass of airplane, W/g, slugs 

acceleration due to  gravity,   f t /sec 2 

relative-density  factor,  m/,@o 

engle between longitudinal body axfs an6 princigel 
exis, posit ive w h m  body exis  is above principal 
axis a t  the nose, deg 

inclim,tion of  principal longitudi-ml axis of airplane 
with  respect  to  Tlight  path,  positive when pr incipal  
axfs is above f l igh t   pa th  at nose, Q - E, deg 

angle ol" f l igh t   pa th  t o  horizontal   axts,   posit ive  in e 
climb,  deg 

airplane momect of i ne r t f e  about  principal X-axis, 

=x0 = Lnkxo2, slug-ft2 

airplace moment of i n e r t i e  &bout principel Z-axis, 

Izo = mkz slug-l"t2 
0' 

gyro mon?er;-l of i n e r t i a  about  gyro Y- or gFmbal axLs 

gyre moment of i n e r t i a  about gyro X- or   spin  axis  
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kxc 

k- 
LO 

KXO 

=0 

radius or" gyrat iop  in  roll sbout  princlpal  longitudinal 
axis, f t  

radius of  gyratior. i n  yaw a5out   gr incipal   ver t ical  
a i s ,  f t  

nondinensionel  radius of gyra t ion   i n   ro l l  zbout  prin- 
cipal  longitl;dioal exis, kxoli) 

nondime3sional  radius  of  gyrztion Ln yzw about pir- 
c ipz l   ve r t i c s l   ax i s ,  

k O P  

norfi.imer-sional r s d k s  of gyration  in r o l l  a5out  longi- 

tudirral   s ta5i l i ty   axis ,  $Kx *cos% + ICzo2sin2q 
0 

noEeimensiolal *.adius of  gyration i n  yaw about ve r t i ca l  

s tab i l i ty   ax is ,  @o*cos'q + K~ *sin2y 
0 

nor-dimensional product-of-ir-ertia  parameter, 

trim l i f t  coeff ic ier t ,  w cos 
as 

rollir..-rroment  coefficient, Rolling momeat 
qS5 

yawirg-moment coefficient,  Yawing moaent 
qSb 

la teral-force  coeff ic ient ,  Leterai force 
cs 
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t 
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P 

c1/2 

a 

. 
CD 

tine,  sec 

differectiai operator,  d/dt 

period of oscillation,  sec 

time  for  snplitude of oscillation or aperiodic node to 
change by factor of 2; positive  value  indicates 
dgmping, negative value indicates  divergence 

cycles to deslp to one-hdf anplitude, T1/2 
P 

real part of complex  root of characteristic  stability 
equation 

a-lar frequency,  radi.=ns/sec 
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cDO 

5 

; h = a + i c u  

. 

'A 

6PS 

.OLO 

KO 

K 

yaw-damper mtxrel frequency,  rzdians/sec 

yaw-damper dznpirg r a t i o  

deflection of the  zuxiliary  control  surface,  radiacs 

deflectior, of pump servo arm (see f ig .  I) 

krl 
a q  as, control  effectiveness  parameters, -- - 

angle of attack of longitudinal body ax i s   t o   f l i gh t  
path, deg ( see   f ig .  2) 

rate-,Tro spin  axis 

rate-gyro gimbal axCs 

rate-gyro  axis riormel t o   sp in  ane  gimbal Exes 

inclination of rate-gyro  ZG-axis to   the  a i rpiane 
Z-zxis, deg (see  f ig.   2) 

angle between rate-gyro ZG-zxis and flight-pa%h  Z-axis 
when airplane is wc?ist.;rbed, deg ( see  f ig .  2) 

angular  displacemeat of re=te-gyro spin  axis  zbout gyro  
P- or  gimbal axis due t o  air-olane  angular  velocity 
about  rate-gyro  Z-axis, deg ( see   f ig .  2) 

inclir-ztion of rate-gyro  Z-axis t o  fl ight-path Z-axis; 
( K  = ic0 i EG when gyro spin  axfs i s  or iepted  in   the 
direction of airplane X - a x i s ;  K = tco when oriented 
ir, the  direction of airplane Y-axis ), deg 

airplane  accelerat im about gyro Y- o r  ginbai axis, 
radians/sec 2 

yawing velocity a50u-k airplane  2-axie, 
os cos a, + 4, s i n  ao, radiacs/sec 
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Subscripts: 

G 

S 

a 
A 

- 7 

yawing velocity  about an axis  perpendicular  to -Lhe gyro 
spin  axis, qs cos K + #SA s i n  IC, redians/sec 

gyro precessional moment due to airplane  ra te  of yzw 
about g p o  ZG-axis 

gyro restoring mqment due to gyro deflection, &$/asG 

gyro den$.ng moment  &de t o  rate-of-gyro  deflectior,, 
a % p c  

noment about  gyro  ginbe1  axis due t o  Coulomb f r i c t i o n  

rotat ionzl   veloci ty  of  gy ro  about gyro spCn axis, 

gezring  ratio of YEW damper, 16~-/$cl 

geming  ratio, I6A/sG I 

radixns/sec 

servo  time  constant 

mndimensiocsl  distance from center of  gravity of a i r -  
plzne to   center  of  pressure of a u x i l i q   c o n t r o l  
surface 

nordimensional  distance from airplene  1ongitudin.d body 
axis   to   center  of  sressu-re of auxilizry  control 
surface 

gyro axis 

s tab i l i ty   ax is  

zirplane body Gxis 

mxi l ia ry   cont ro l   swfac  e 
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AND AGXILIJRY SURFACE 

Yew Demper 

The proposed yaw damper consists  of a spring-restrained  gyro which 
deflected  proportional  to  the  airplar,e  rate of yaw about  the gyro 

.axis and a hyciraclic  servoactGEtor which deflects sn auxi l iary  control  
suface  proport ioral   to   the  ra te-gyro  spin-axis   def lect ion.  A sketch 0.' 
the  system is preseLte6 i n   f i w e  1 and the system 02 axes employed i n  
the analysis i s  snohr- i n  figure 2. Briefly, when the  airplane  experi- 
ernes a rate of yaw about  the gyro ZG-axis, z grecessional monent Mpr is 
apTlied t o   t h e  gyro which is  equzl t o   t h e  product  of the gyro moment of 
inertia  about i t s  spit axis, the angular  velocity of  the gyro, and the  
airplane  re te  of  yaw abcut  the gyre Z-axis; that is, 

The d i f f e ren t i z l  
subsequent t o  an 

eqLation which descri'aes the g p o  spin-axis  deflection 
s-r;plied moment i s  

where I Y G  
i s  %. measure of the  g p o  viscous dampir-g, M6G i s  the sprillg constant 

of $he restraining  sprirgs,  Mf i s  the  moment  dGe t o  Cmlomb f r i c t i o n  
(the  Eotation  "sign D6" is zsed t o  point   out   tnat   tn is  n0KeE-t always 
opposes the gyro rate cf deflection),  1% is any applied moment about 
the  gyro Y-axis, which for   the  pro3lem beFr4  considered i s  t n a t  moment 
defiEed  by  equatior? (l), and ii is  the  airplace a m l a r  acceleration 
aboLt the  gyro Y-axis; hence, 

i s  the morcercb of i n e r t i a  of t he  gyro  about i t s  Y-axis, Mi, 

The acxeI"t due t o  Coulomb f r i c t i o n  Mf has  been  neasured and  found t o  
be  apgroximately C. 33 inch-pound. The minimm value of' $G, based  on 
this   value of Yq, below xhich  the system w i l l  be insensit ive i s  =bout 



1/4O Ser second. Since  this  value i s  small, Mf is assumed t o  be zero 
tkrroughout the  analysis   to  Tollow. The angulzr  velocity of  the  s i rplene 
about the gyro Z-axis i s  related  to   the  a i rplane yawing and ro l l ing  
veloci t ies  about s t a b i l i t y  %xes by the  following  expression: 

where IC is the angle between the stability Z-axis ad. the gyro Z-axis. 
If the g p o  spLn =is is or ien ted   in   the   d i rec t ion  of the  airglazle 
X-axis, the  angle x w i l l  vary, since  the gyro is deflected  about i t s  
gMDal axis (gyro Y - a x i s )  due t o  airplane yawiI@"'e?3out the gyro Z-axis. 
If, however, the gyro spin SXSS i s  orcented in   the   d i rec t ion  of  the air- 
plane Y-axis, the  argle  K i s  essent ia l ly  independent of the gyro deflec- 
tion; hence, in  the  discussion  to  follow  both  orientations  we  considered. 

Wro spin  axis  oriented  in  direction of airplar?_e X-axis ( f ig .  2 ( a ) ) . -  
For this   or ientat ion,  K mzy be  defined  as follows: 

K = K  + 6  o G  

where .% is the  angle between the e o  Z-axis and t h e   s t a b i l i t y  Z-axis 
when qG = 0, am3 EG i s  the gyro deflection ab0E-L i ts  Y- or gimbal 
axis due to   e i rplene yzwiag zbout  the gyro Z-axis. T'ne angle K~ varies 
from one fl ight  condition t o  another  since it is dependent upon the  air- 
p h n e  t r i m  angle of ettack. The arguler i ty  between the g y ~ o  Z-axis and 
tne airplace-body Z-axis (subsequently  referred  to as 9) is  s e t  on the 
gromd and does not  vary  as  the  Tlight  colldition i s  chnged; ths ,  x0 
is  defined as 

KO = a. - Q 

Then, K becomes 

K = (ao - @) + SG 

aad, for   the assumption tha t   t he  cosir,e and s ine of a smll angle a re  
approximetely  equal t o   un i ty  and t o   t ? e  angle i n  radians,  respectively, 



Tk.Is, when the gyro spin  axis I s  oriented in, the  direction of the  a i r -  
plage X-axis, $G i s  a noclizear  fw-cticr, o f  $s ard $, dGe t o  tne 

t e n  sGjdS. 

Gyro spin a i s  oriexted  in  dtrecticn  cf  air2lane Y-ais ( f ig .  2(b)).- 
If tne s p i r  axis of tine r a t e  gyro i s  orierrted so tnz t  it is eoincident 
with  tke  airplane Y-axis when $G = 0 ar-d if the gyro Z-axis is t'lted 
a t  ar- argle  0 to   the  a i rplexe Z-sxia,  then  tke  angulgr  velocity or" the 
airplaze about t h e  gyro Z-axis i s  give2  as 

vhere $ r -  i s  the yawipz velocity of the  airplzne  asoat 
LGI 6 -0 

G- 

airplane pL-L~hing velocity. The exDression for is 

Substituting  %his  expression  ilrto  equation ( 6 )  and making the 
simplifics;ticns for  smsll ar-gles gives  the  eqzation 

whrch is s imi la r   to  ecpatiorr ( 5 )  except %hat, for  this orientation,  the 
nonlinearity is  &Le t o  6 rather  than fls. Since, in   the  der ivat ion of 
t'ne eqcations of  motion, l e t e r a l  and longitudinal motions are  considered 
t o  be  independent ami 6 generally i s  much l e s s  thar, $8, i n   l a t e r a l  
mar-euvers, the assumption is Eade tha t  6SG = 0. Thus, throughout  the 
renainder of th i s   pqer   the   ra te -gyro  spiz axis is considered t o  be 
or iented  in   the  direct ion of the  airplane  Y-axis. If a f i t w e   i n v e s t i -  
gation  should  indicate  that  the  ncdinear tern SG(aS hes a negligible 
ezfect,   the  results presersted ic t h i s  pa$er are  applicabie  to  ei ther 
gyro orier ta t ion.  



Substi tution of equation (8) into  equztion (3)  yields   the  resul t  
(Tor BEG = 0 and ‘d. = $G) 

where PG = gs - (ao - @) Vs. Since IyG Z ixG, u y G  = 816 radians  per 

second, and 1 gG( % 101 $GI, the  term IyGgG should  contribxte  negligibly 

to the   resu l t s  of this   analysis  an& is omitted. 

Relation of gyro-sgin-axis  deflection to Euxiliary-surface  deflec- 
- t i o n . -  The def lect ioa of t he   mx i l i a ry  coc t ro l  surl’ace as 8 function of 
the  gyro-spin-axis  deflection 6G and the  hydrzulic servo time con- 
s tant  T is given by 

The cor-stant K, i n  terns of  the  various  lengths  indicated  in  figure I, 
- is 

The  tLme collstw-t of this  servo has  been found t o  have 8 negligible 
e f fec t  on the  resul ts  or’ t h i s   a n d y s i s  and, hence, the assumption is 
nzde thz t  = mG. For t h i s  assumption, equation (9) may be expressed 
as 

alrd KO, which is r e fe r r ed   t o  as the   s ta t ic   gear ing   ra t io  I 6A/rc(, is . K1xG-G 

M8G - - 



For  the  values of n, i, m, w, y, IxG, wxG, and 148 given 

in   t ab le  I, the  gearipa  retio K, is, as a function of z, K, = 2.66 z. 
The range  over which z may be  varied i s  from 0 t o  3.2 irLches; hence, 
KO is  veriable from 0 to  approximtely 8.5. The naximwr! deflection of 
the pump servo a r m  6ps ( f i g .  1) nas been measured and  foulzd t o  be f22.5O. 

This  deflectcon is, irr terms of the gyro-arm deflection, SPs = 6 ~ .  n i  

For the  values of n, i, my and h given,  the pump servo arm i s  
def lected  to  i ts  maximum value when EG = 23.24O. In  order  to  prevent 
dmge  to   the   l inkages ,   s tops  should be placed OR the gyro t o  limit the 
gyro deflection t o  +3 .2k0. From equetion (3), it can  be  seen that EG 
steady  state w i l l  be  equal  to 3.24O for GG = 0.125 radian  per second. 
Therefore, t h i s  yaw  damper can  be  expected t o  operate  l inearly only i f  
-iG is  less than this valise. It should  be  pointed  out, hovever, that ,  
i f  the maximum deflection of the  control i s  assumed t o  be +20°, the con- 

G 

t r o l  would be aef lected  to  i t s  msximum value  for $G less then 
0.125 radien  per secom2 if ICa is greater  than  2.8. Thus, for  higher 
v.=lues of G, the m a x i m  value of GG f o r  vhicl? the yaw danper could 
be  expected t o  operate  l iceariy woxld be  less  than 0.125 radian  per 
second snd,,hence, for  KO > 2.8  the  physical limits of the  control 
surface would be more r e s t r i c t ive  thar- t l e  limits OR the  gyro-spin-axis 
deflect  ion. 

Auxiliary  Surface 

The auxiliary  surface, vhen deflected,  introdaces a yawing moment 
about  the  airplane  Z-axis and a ro l l ing  moment about  the  airplene X-axis; 
t ha t  is, 

The e f fec t  of the  sideforce  introduced by the  surface is essumed t o  
be  negligible  except i n  the  calculation of  the yawing  and ro l l ing  moments 
produced by t3e  deflection of the  surface. T'ne yawing and ro l l ing  
moments about  the  stabil i ty  or  f l ight-path system of axes  are  related t o  

. 



NACA RM L52m4a - 
the noments about body axes as follok-S: 

(c& = (CJB cos a. + @a), sin a. 

or, f o r  the  assmption of small argles of attack, 

The a c x i l i q -   s u r f a c e  proposed for  use with the yaw  damper i s  shown - 
i n  figu-re 3. Tae surface i s  t o  be mounted 13 f e e t  fo-ward of and 2- f ee t  

below the  airplane  center  of  gravity on the undersurface of the  fuselage, 
a l ig5t ly   offset  t o  t h e   l e f t  of center (looking f o r w a d  *om center of 
gravity).   This  offset  is necess- i n  order  that   the  surface  not  inter-  
fe re  wikh t'ne lowering and re t rac t ion  of the nose  wheel. Tie su-rfece i s  
t o  be  hinged at approximteiy  the midpoint of the  root chord, and counter- 
clockwise  rotation. of  the  surface  about i t s  hinge, as seen l o o k i q  dohi-, 
is taken  as  positive  rotation;  thus,  positive  deflection of the s1irZece 
r e s u l t s   i n  a negative  sideforce or  a negative yewjag Eoment about  tne 
alrplace Z - a i s .  This  convention is selected  in  order  that  K, be posf- 
t rve  f o r  a yaw danper which intro6uces  a yzwing moment opposing the   a i r -  
plane yawing velocity. The values of C and C 2 of thi-s  surface 

releted  to   e i rplane body axes were e s t i m t e d  from tine results  presented 
i n  reTerences 3 and 4 and unsublished data t o  be -0.01 and 0.0022 s e r  
radian,  resgectively. These values were f o u d  to be  essentially  the 
sane Tor all flight  conditions  considered. The values of  C and C 

about s tabi l i ty   axes  can  be  determined from equatLon (13) for  each f l i g h t  
condition by sz3sti tuting  the  airplane  angle of a t tack and are  presented 
i n   t z b l e  11. 

5 
6 

EA 

%* SA 
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EQUATIOIJS OF MOTION 

NkCA RM L52Kl4a 

The equations %rhick descri5e  the  lateral  notiofi of the yaw-damper- 
equipped airplane  abozt  stebil i ty o r  flight-path axes are  as foliows: 

Yawing, 

c2 p = c2 6A -+ c2 
P SA 

Sideslip, 

Control, 

(.' + 2!.(u0 D + uo2)BA - Ko(uo2 + - 0) 3 q  = 0 

i n  equatFcns (14); also, the  eg.ations are for   l eve l   f l igh t .  Tnese egu&- 
t ions  are  asswed t o  represent  the  case  for which the  rate-gyro  spin  axis 
is oriented  in   the  direct ion of the  airplarAe Y-zxis, .=rxl tine gyro Z-axis 
is at   an  angle CP t o  the  airplane  Z-axis i n  the  air-glane X,Z plane. 

The characteristic  equation of the  sirplane  yaw-daqer system is of 
the form 



AXALYSIS -hi DISCUSSIOE 

Effect or" l inear  yaw damper. - Calculetions were made f o r   f o w  
cruising  conditions a t  a M&ch number equal  to 1.6 an6 two lEnding  condi-. 
t ions  of  the Douglas D-558-11 i n  an  effor t  to se lec t  e yaw-damper gearing 
r e t i o  end en   i nc l imt ion  of  the gyro Z-sxis to the  fuselage Z-axis 
such t6at the  airplane  has  satisfactory Dutch r o l l   s t a 3 i l i t y   f o r  a l l  the 
flight  conditions  considered. !!?he mass ami zerodynenic character is t ics  
fo r  each of the  investigated  f l ight  cordit ions are presented i n  table  I1 
avd  were e s t i m t e d  from the  results  of  references 5 and 6 and unpublished 
wind-tunnel tests at supersonic Mach numbers. For  ezch  of f l i g h t  condi- 
t ions 1 t o  5 (see  table  11) E baundary was obtained i n   t h e  KO, 9-plzne 
which defined  the  combinations of  KO and Q f o r  which tine Dutch r o l l  
osc i l la t ion  would damp t o  one-half  auplitude i n  oce period of the  osci l -  
l e t i o r -  or less,  and the  results  are  presented i n  figure 4. These bounda- 
r i e s  were calculate6 by methods similar to those  presented i n  re fer -  

conbimtions of K, and Q fo r  which the Ddtch r o l l  osc i l le t ion  of a l l  
the flight conditions w i l l  dans to  one-hdf  Englitude Ln less than-one 
period, but the  vaiues of within  this  region  are so large as t o  
make the  region  imsractical .   Satisfactory  oscil latory  stabil i ty  can be 
obtsined  for  f l ight  coaditions 1 t o  4, however, for much smaller =lues 
of' K,. Calculations were nade on the Reeves Electronic Analog Comguter 
Tor csses 1 t o  4 i n  w5ich K, and Q were varied  Eystenatically and. 
f o r  KO = 2.5 aGd Q = 2O a l l  four  cases were very  satisfzctory.  This 
combination of gearing and incl inet ion was selecteO on the   basis  of 
sat isfactory  s tabi lc ty  and low g e u i n g  ratio and because s l ight   var ia-  
t i o m  from these  values produce small var ie t ion   in   the  system s t a b i l i t y .  
For case 5 and Q = 2O, a g e w i r g   r a t i o  of approximately 6.5 would be 
necessary f o r  t he   o sc i l l a t ion   t o  damp t o  one-half  amplitude i_n one cycle. 
However, f o r  KO = 2.5 end CP = 2O, the   osci l la t ion of case 5 darps t o  
one-half  amplitude i n  about 1.5 cycles which satisfies t i e   e x i s t i n g  Air 
Force c r i t e r ion  (ref. 2) f o r  period-damping relationship of t h e   l a t e r e l  
osc i l la t ion .  Thus, i f   t h i s  i s  considered  setisfactory f o r  the  lending 
case, no problem ar i ses .  The yaw-danper getiring r a t i o  can  be  adjusted 

in   the  cockpi t  from 0 t o  about 8.53 hence, if C1/2 = 1.5 is not 

- ences 7 and 8. The cross-hatched  region shown in  the  f igme  def ines   the 



accepta5le  for  the  landing  case,  the  value of K, cen be increased t o  
about 6.5 by the  pi lot  and the   s t aa i l i t y   fo r  t h i s  case  should  then  be 
satisfactory.  

The resu l t s  of the  calculations made on the Analog Conputer a re  
presented in   f i gu re  5 for   a l l   s ix   f l igh t   condi t ions   for  K, = 2.5 and 

= 2O. Also, for  case 5, motions a re  shown f o r  KO = 6.5 and Q = 2O. 
For comparison, the motions f o r  the  respective f l i g h t  conditions wft'nout 
yav damper a re  also shown, and i n  every  case  excegt  case 5 the increase 
i n   s t a b i l i t y  is very  apparect.  Flight  condition 6 is presented,  since 
t h i s  coadition  has been  used i n   f l i g h t   t e s t s  as a means of determining 
the  character is t ics  of the D-558-11 in   the  landips  corxfiguration. The 
l a t e r a l  motions for  this  case  without yaw  damper a re   seen   to  be l e s s  
stable  than  those  obtaized  for  tne  true  landing  case  (case 5), but  the 
yaw damper is far more effective in  t i e  simulated  landing  corfiguration 
than  in  the  true  lending  case. The iccreased  effectiveness  of  the yaw 
damper for  the  landing  condition a t  CL = 0.36  (case 6) as compared 
with that obtair-ed f o r  CL = 1.05 may be  attr ibuted,  to a large degree, 
to   the  higher   f l ight  speed for  CL = 0.36. This  conclusion i s  based  on 
the  fact   that  this yaw  damper essentially  increases  the datnpillg-in-yaw 
stabi l i ty   der ivat ive which ge-rally  has a very appreciable stabi- 

l iz ing  effect  on the   s t ab i l i t y  of the Dutch r o l l  osci l la t ion.  The incre- 
ment t o  t h i s  derivative, i f  the l ags   i n  the yaw damper are  negligible, 
can  be shown t o  be 

%r 

Thus, t h i s  increment t o  C i s  seen t o  vary  directly w i t h  the air- 

speed V and, for  the  larding  co-nfigurztion a t  CL = 0.36 a t  
12,000 Ceet, would be  approximately  twice tha t  obtained  for  the  landing 
case a t  CL = 1.05 a t  sea  level or  12,000 fee t .  It should  be  Dointed 
out tnzt in  these  calculations  the  control  deflections were l imited  to 
+20°, since t h i s  i s  assumed t o  be the  physicel limit on the  auxiliary- 
surface  deflection. A s  was pointed  out  preyiously,  the gyro-arm deflec- 
t i o n  is l imi ted  t o  3.24'  which occurs  for qG = 90.12.5 radian  per second 

Hecce, the limits on the control  Beflection  for. KO = 2.5 should have 
been  approximately +18', but  this slight difference  should hgve e. negli- 
gible   effect  on the  results  presented. 

nr 

Additional  calculations were made t o  determine the  variation of 
period and  damping in   the   v ic   in i ty  of KO = 2.5 end 0 = 2' for  a l l  



six  Flight  con6itions and the  resul ts   are   presented  in   table  111. These 
resul-ts  are i n  agreement w i t h  those  obtained  fron!  the  previously Cis- 
cussed  dnzlog studies, end for every  case  except  the  landirg  condition 
a t  sea  level,  the Dutch r o l l   o s c i l l a t i o n  should dnmp t o  one-half  arapli- 
tude in   c lose  to ,   or   less   than one cycle  throughout  the  range of KO 
and 0 considered. The s tabi l i ty   character is t ics ,   presented i n  tab le  111, 
of  the  airglane  in  the  landing  condition  at   see  level,   al though  not 8 s  
desirzble as those or" the  other  flight  conditions  considered, might be , 
considered  satisfactory. The primry  conclusion which should  be  reached 
from the   resul ts  shorn i n  tzb le  111 is  tlrlet values  of K, = 2.5 and 

Q = 2O, selected as the optimum combinztion  of control  gearing and gyro 
Z-axis lnclinetion  for  the  investigated flight conditions as a whole, 
are  not  cri tFcal  values  since  the  airplane  stabil i ty  for combinations 
of KO and @ i n   t h e   v i c i n i t y  of the chosen  values i s  not  appreciably 
different  from that  calculated for KO = 2.5 and 0 = 2'. 

Effect of  var ia t ions  in   the  pr incipal  moments of i ne r t i a . -  The 

values of K~ 2 end 2 from which were calculated ~ ~ 2 ,  %*, 
AO %O 

and Kxz for  the  various  f l ight  conditions were obtained from deta pre- 
sented in   r e f e reme  5 .  More recent data on the  airplar-e  principel 
moments of  i n e r t i a  which were nrovided by the  NACA High-SFeed Pl ight  
Research  Station at Edwards A i r  Force Base, Cal i f .   ( referred  to   herein 

poses of comparison both  sets of  values are   presented  in  figure 6 ?lotted 
agzinst wing loading W/S. Throughout the  calcula-lions,  the  assumption 
is made that  the  principal  lo-ngitudinal  axis is loceted 3.7' below the 
2'uselage axis and i s  invariant witin vi%  loeding.  Calculations were =de 
for  each of f l ight   conei t ions 1 t o  6 in which the'monents oi i n e r t i a  
afforded by HSFRS were u t i l i zed .  The r e su l t s  of t lese   calculat ions  indi-  
cated EO appreciable  effect of the assumed ve r i a t ions   i n   t he   i ne r t i a l  
momellis an6 are  not  ?resented,  but it may be of in te res t   to   no te   tha t   the  
largest   effects  were obtained for  the  lending  configurations. 

- as HSFRS), differed  considerably from those of reference 5 and for nur- 

SUCC-iSTIOXS FOR F;uTW BESEkRCiI 

A more detailed  zllzlysis of the   e f fec ts  of the  various  nonlinearities 
i n   t h e  yaw-dzmper system, such  as Coulomb friction,  operation OF the 
control  surface a t  fill1 deflection, and pitching of the  gyro spin  axis  
followirg  airplane  rotztional  velocities,  should be  =de. Also, the 
e f fec t  of these  nonlinezrit ies on the  airplane  response  characteristics 
following  various  icputs  should  be  investigated. . 
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C ONCLLEDING REMARKS 

NACA RM L52Kl4.2 

An analysis made t o  determine the  effect  of a yaw damper, designed 
and constructed by the  Flight  Research  Division, on the Dutch roll sta- 
b i l i t y  of the  Doughs 11-558-11 research  airglane  indicates  that   this yaw 
damper, when used i n  conjunction  with  the  auxiliary  control  surface 
described i n   t h i s  paper,  should  be  capable of' ixsroving markedly the 
inherently poor s t a b i l i t y  of  the  airglane.  Calculations made for   several  
representative  f l ight  conditions  icdicate  thet   satisfactory  stabil i ty 
should  be  obtained for  the high-speed flight  conditiolls for a control 
gearing of 2.5 when the g r o  gimbal axis i s  inclined 2' nose down rela-  
t ive  to   the  a i rplane X-axis, bu t   the   s tab i l i ty  is marginal for   the 
landi-ng configuration a t  sea  level.  If be t t e r   s t ab i l i t y  i s  desired  for 
the  landing  case a gezr i r4   ra t io  of 6.5 should  be  used f o r   t h i s  gyro- 
axis  inclination. 

A preliminary phase  of t i e   ana lys i s  showed that  the  rate-gyro  spin- 
axis  deflection vELried nonlinearly  with  airplm-e  rate of r o l l  =bout the 
sts;bil i ty X-axis i f  the gyro spin  axis was oriented  along  the  direction 
of the  airplane X-axis but  varied  l inearly  with  rate of r o l l  i f  the  spin 
exis  w a s  oriected a1o-X the  airplaze Y-axis. For t h i s  reason,  the gyro 
spin exis was assumed t o  be  oriented along the  airplane Y-axis fo r  a l l  
the  calculations  presented i n  t h i s  paper. 

If the  control  gearing is t o  be  varizble  in the cockpit from 0 
t o  8.5, stops  should  be  glaced on the gyro t o  l i m i t  i t s  def lect ion  to  

approximately k3io so as t o  grevent d m g e   t o   t h e   l i r k z g e s .  

Langley Aeronautical  Laboratory, 
Nztionzl Advisory Committee f o r  Aeronzutics, 

Langley Field, Va. 

.. 
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I ~ ~ .  slug-ft2 . . . . . . . . . . . . . . . . . . . . . . . . .  0.00765 

I slug-& . . . . . . . . . . . . . . . . . . . . . . . . . .  o.oog0 
YG' 

MEG. ft-lbs/radian . . . . . . . . . . . . . . . . . . . . . . .  -13.8 

MiG. ft-lbs/radian/sec . . . . . . . . . . . . . . . . . . . . .  -0.386 

Yaw-damper  lever-arm lengths. in . : 
z . . . . . . . . . . . . . . . . . . . . . . . . . . . .  variable 
n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.0 
i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.0 
m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.8 
w . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.625 
x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.0 

. . . . . . . . . . . . . . . . . . . . . . . . .  %' radians/sec 816 

5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.55 

a0. radiens/sec . . . . . . . . . . . . . . . . . . . . . . . . . .  39 Tw 
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m . .  . . . . 
CL . . . . . .  
ub . . - - . .  
E ,  deg . . . . 
ao, deg . . . . 
q, deg . . . . 
i q . .  . . . . 
Kv2 . . . . . .  

Y 

' k z . .  . . . . 
" 8 " " "  

c2, - . . . . .  
% 

c a r . .  . . . . 
' r " " . .  

yl" - - - - - 
5"'- - -  
lP 

% 

C 

F 

c . . . . . .  

c 
C 

c 
c . . . . . .  
c . . . . . .  
t a n ? . .  . . . 
v, f t /sec . . . 
s, fc2 . . . . 
b , % .  . . . . 
Gi, 1bs . . . . 
Mach nmber . . P - k . ,  ft . . . 
x / s . .  . .  . . 

I 
C le%? 

1 
0.h73 

707 
3.7 
6.6 
2.5 

0. C1571i 

0.13669 

,.0061141 
0.087 

-0.035 

-0.726 

-3.50 

0.076 
@ 

-0 . G q  

-0.25 

0 

0 
1353 
175 
25 

70 ,GO0 
I& ,oco 

1.6 

-0.01 

0.001 

Flightl condition a d  configuratcon 

I1 
Clem 

0.2 
0.095 

707 

0.28 
3.? 

-3. 42 

0.015833 

0.1365? 

-0.0072056 
0.087 

-0.067 

-0.726 

-0.54 

0.143 

0 

-0.0084 

-0 -25 

0 

0 
1533 
17 j 
25 

14,000 
70,000 

1.6 
80 

-0.01 

0 .c022 

111 
C le& 

1 
0.181: 

275 
3.7 
1.8 

-1 -9 

0.01553b 

0.13587 

-0 .OOkCOg3 
0 -087 

-0 -057 

-0.726 

-0 I 51 

0.122 

0 

-0.017 

-0.25 

0 

0 
1553 
175 
25 

50,000 
lk,OOO 

1.6 
80 

-0 * 01 

0.0019 

0.2 1 
0.037 1.05 

275 33 
3.7 3 .? 

-0.7 -9.7 
-4. h 5 

0.016116  0.016729 

0.13628  0.13567 

,O. 0092559  0.012579 
0.087 

-0.20 -0.074 
0.23 

-0.726 

-0.55 

-1.25 

-0.63 

0.lW 
0 

0.13 

-0.17 -0.004 

0 

-0 -25 

0 

-0.33 

0 0 

0 

1553 
175 

225 

25 
175 
25 

14,000 11,000 
50 ,mo 0 

1.6 0.20 
e0 63 

-0.01 -0.01 

o -0023 0 .0005 

1 
0.36 
47.5 
3.7 

-1.7 
-5.k 

c .0~6772 

0.13563 

-0.011336 
0.29 

-0.15 

-1.43 

-0.56 

0.17 

0 

-0.06 

-0.31 

0 

0 
460 
175 
29 

11,000 
12,000 
0.43 

63 
-0.01 

0.0025 

I I 

"= 
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VARIATIOK OF PERIOD P,1\TD DAMPING W i T E  9 !,XI !h FOR 

THE VARIOUS FLIGHT CONDITIOPIS COiiSIDFX3D 
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13.0 

10.9 

9.4 
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3-17 
""_ 

1.80 
1.kg 

1.56 

1.65 

1.74 

1.68 

1.65 

1.61 

r -  

(5) Case 2 

1.08 
1.16 

1.33 

1.64 

~~~ ~ 

"" 

1.38 

r.64 

"" 

4.30 
4.43 

4.44 

4. L.5 

4.46 

4.43 

4.45 

4.48 

197 

197 

197 

' 197 

* 197 

' 197 

' 197 



TPBU IIi 

VARIATIOK OF PERIOD f-UD DAMPING 'XtTS @ AND I$, FOR 

TIE VMIOUS FLIGET CONDITIOfiS CONSIDl3REZl 

Aperiodic Modes Oscillatory Modes 
0, KO 

P C l / 2  
T1/2 T1/2 T1/2 

( c )  Case 3 

45.50 
6.24 

5.66 
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(a) Case 4 
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VARIATION OF m I 0 D  A3D DAIWING W I T H  q~ AND K, FOR 

TFlE VARIOUS FLIGHT CONDITIONS CONSIIERED 

( e )  Case 5 
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Figure 1.- Sketch of yaw-damper system. 
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(a) Gyro spin  axis   or iented  in   direct ion of  a i n i a n e  X-axis. 
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(b) Gyro spin axis  oriented  in  direction of airplane Y-axis. 

Figure 2. - System of  axes used i n  analysis. 
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Figure 3. - Sketch o f  vane proposed for  use w i t h  yaw damper. 



Figure 4. - Baundary  which defines the combinations of IC, and Q neceasary 
for C1/2 =< 1 for flight conditions 1 t o  5. 
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(a) Case 1. Time histories  with yaw damper  on  right; KO = 2 -5. 

Figure 5 .- Lateral  motions of the Douglas D-558-11 subsequent to a 
5' disturbance  in sideslip, with and  without yaw damper, for the 
various  flight  conaitions  considered. a = 2'. 
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(b) Case 2. Time histories with yaw damper on right; KO = 2-50 

Figure 5 .- Continued. 
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(c)  Case 3 .  Time historiea with yaw damper on right; = 2 S. 

Figure 5.- Continued. 
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(e) Case 5. Tlme histaries with yaw damper on right; KO = 2.5. 

Figure 5.- Continued. w w 
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(f) Case 
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5. With yaw damper; KO = 6 . 5 .  

Figure 5 .  - Continued. 
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(g) Case 6. Time histories with yaw damper on right; & = 2.5. 

Figure 5.- Concluded. 
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Figure 6. - Variation of moments of inertia of the Douglas D-558-II with 
wing loading. 
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