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Fl ight   t es t s  mra aonduoted and ail snrlymir made t o  dotarmine 
the caulel bf undesirable dynruaia hter . l - r tabi l i ty  oharauterfrtios 
of an airplane. Various rudder modffloationr mre flight tested 
rrith the rudder free and fixed over an indiuated airspeed range 
from approximately 200 to 450 miles per h o e .  Rudder-Mngemoment 
nnd other  pertinent data weme obtained by flight and wind-tunnel 
t ea t s  

The osoillation period and t h e  required to damp t o  one-half 
mpli tude measured in f l i g h t  are  ampared with oaleulated ourmu 
in h i o h  there  charaoteristfos u e  given a8 h a t i o n s  of the impor- 
t a n t  rudder hinge-moment parameters. 

An aaalysir  of the data showed .that there were no signifioant 
changes in the basio rudder-ffxed s tabi l i ty   der ivat ives   with indi- 
oated  airrpeed, and the ruddar-fixed damping aharaoterimticr were 
predictable d t h  rufficient aocuraoy if the product-of-inertia 
terms were uonsldered. 
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Freeing the rudder brought about a reduetion in the damping 
of the o s c i l l a t i o n   a t  low speed; this i s  attributed to the low 
negative rate of ehange of  rudder hinge-mament uoeffioient uitli 
rudder defleotion and a negative r a t e  o f  ohange.oP rudder hinge- 
moment ooefflcient with  angle of sideslip.  The further deteriora- 
t i o n  mith indiaated alrepeed is attributable to the effeotr of 
Maah nuniber and rudder-tab  defleotfon on these hinge-mmuent param- - 
etera. 
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A number of military airplanes reaently have exhibited  poor 
lateral-osoillation  oharaoteristios in high-speed  flight. The 
objectionable motions of the airplane in yau usually are oharao- 
terited by conetant-amplitude  osoillations or by poor damping in 
oonjunation with a short period. In an ef fort  to  determine the 
oauses of these phenomena, the Ames Aeronaufiaal Laboratory has 
ooaduoted  a  detailed investigation of’ t h e  -io lateral-stability 
oharaoteristias of an airplane for whiuh undesfrable  osoillatory 
behavior at high airepeeds had been reported. 

A t  the outset of an investigation of this type there aluays 
exists the question of whether the undesirable damping oharaoter- 
iatios are due to the baeio static-stability  derivatives (oontrol 
fixed), the hinge-moment  parametera of the oontrol rurfaoes (uon- 
tro l  f’rse), or random aeparation phenomena. It m e  therefore eon- 
venisnt to ieolate the effeat of rudder freedom by determining  first 
the dynamio-etubility ohata~teristios with the rudder fixed. These 
oharacterfstios, nhioh depend primarily on the oombination of baaio 
airplane ma81 and stabflfty parameters, mre then analyced by mbtUI6 
of the claeeic  rudder-fixed  linearised equations of motion. The 
effeote of rudder freedom, nhioh are  functions  primarily of the rud- 
der  mass and  hinge-moment  darivatives,were  determined and then oon= 
sidered as additional faotore or inoremants whioh modify the bash  
rudder-fixed  oharrcteristloe. 

SYMBOLS 

The symbols used in this report m e  defined in Appendix A. 

DESCRIPTION OF AfRPLlWE AHD INSTRUMENTATION 

The airplane on uhioh the tests dirousesd herein m r e  uonduotbd 
aas a conventfonal ringle-engiaa low-uing attack airplane. A photo- 
graph of the airplane aa instrumented for flight and a three-oian 
drawing are presented in figures 1 and 2, respectively. Pertinent 
physioal  charauterirtias of the airplane are given in Appendix B. 

. During the teste the following rudder oonfigurations wre 
tee ted t 

1. Original rudder (fig. 3) 
2. Orfginal rudder with trailing-edge bulb on trim tab, a8 

used on produotion version of the airplane (fig. 4) 

”” -;e-+ 



with upper horn brlmoo area removed 

4. Original -der w i t h  deboort tab (trim tab oonn.ated t o  
give deboort  motion of lo of  tab for 2 O  of rudder) 

Standard NACA reoarding instrrrmsnta were used t o  reoord the 
various qurntit iea  pressntsd in t h i s  report. The rudder-position 
reoorder, -oh weis oonneoted direotly to t he  bottom of the rudder 
struoturo,  permitted evaluation of the rudder rngle t o  rithin *O.1° 

Flight Tsstr 

Flight t o r t s  weme made to determine the la te ra l -oadl ln t ion  
OharaOteri8tia8 of the airplane uith the various rudder  modifiastlons. 
The tests uere performed in the 4,000- t o  10,000-foot pressure-altftuds 
range i n  the power-on olsnn eonfiguration at mrious  indioated air- 
speeds from approximately 200 to 450 miles per hour. The teitlr were 
oonduoted with a n o m 1  aentsr-of-gravity  looation and with IAQ external 
stores attaohed. 

Prior t o  esuh tsst run the r i rplane rat tr-d (mro oontrol 
foroe) in steady, r t rafght ,  wkgr-level flight. The osoi l lnt ionr  were 
M t i a t e d  by relasso of the rudder  aontrol &%le the airplane uar at 
a moderate angle ai riderlip.  The instruments were started Just be- 
fore  the re leas^ of the rudder and l e f t  on until the oto i l la t ions  had 
oompletely d-ed or until approximately 8 OyOle8 mre oompleted. 
For the rudder-frm te8t the pilot kept hi8 feet oleer of the rudder 
oontrols until ocmpletion of the run. For the rudder-logked t e s t  t he  
pi lot   re leased 4 lwk$ng pin while in the steady sideslip,and  the pin 
engaged and looked the rudder when it passed through trint porition. 
This lockwg mbohapism i a  aholrn i n  figure 6. The ailerons,  *ether 
returned t o  t h e i r  t r i m  position md held or lept free t o  o so i l l r t e ,  
had no notiusable offeat an the yawing motion of the airplane. 
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presented in   f igure  7. Values of the rate of aFauge of  hinge- 
moment coeffioient with angle of s ides l ip  ChB of 4.038 per  radian 
for the   or iginal  rudder and 4.045 per radian for the tr8ilbg-edgO 
bulb  modifioation were then  derfved from steady-sideslip  data 
obtained i n  flight. 

Tests in the h u e 8  7- by 10-Foot Wind Tunnel 

, A 0.17-aoale polrered model of the  airplane m s  t es ted  in the 
Ames 7- by 10-foot wind tunnel No. 2 t o  determine the aerodynamio 
aharaoter is t ios  of the  model. The rudder  used in these tests -6 
aimilar to the  original rudder oonfiguratfon of the tes t  airplane, 
sxoept  the rudder tabs -re not adjust able^ 

The basics serodynamio parametere obtained from *hose teatr  and 
those  eetimated by the methods of referenoe 1 are as follow#: 

RESULTS AHD DISCUSSION 

Figure 8 presents  typioal time h is tor ies  o f  the  rudder motion 
and yawing veloc i t ies   a f te r  a disturbance in yaw for varfoua  rudder- 
control  procedures. Thia figure shows that a rudder-free  condition 
existed even though the pilot  attempted to hold  the  pedals  fixed. 
The movement of the  rudder with pedale  fixed,  though small i n  magni- 
tude  (approximately f0.3O maximum) had an important fnf  luencs on 
the damping character is t ics  of' the  airplane. The reaults  obtained 
with this procedure were inconsistent, and are not  readily suscep- 
t i b l e  t o  analysis by dynamic-stability  theory. For the f i r s t  phase 
o f  the investigation, this procedure therefore was disoarded i n  
favor o f  the one i n  which the  rudder m a  definitely  f ixed by means 
of  the  rudder lock. The characterist ies with the rudder-free  pro- 
cedure are considered  as the second phase of the investigation. 

Rudder-Fixed Cbaraoterietior 

The resu l t s  of the  rudder-fixed oaoillation f l i gh t  tests &re 
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sumnarized in figure 9 ,  in which period P, time t o  damp to one- 
half amplitude and cycles t o  damp to one-half  amplitude C& 
are plotted a8 I ction of indicated  airspeed,  Plotted on th i s  
same f igure  for  the purpose of comparfson are the computed values' 
of the  three  parameters a t  an airspeed of 210 miles per hour and 
an extrapolation of these  oharacterist ics t o  higher  speeds  based 
on the assumption  of a constant  value o f  t h e   s t a b i l i t y   d e r i v a t i m s  
throughout the speed range. 

Tk 

In v i e w  of  the deteriorettion i n  damping a t  higher  spesds, 
obaerved with rudder f r e e   ( t o  be discussed later), L t  was considered 
possible  that  there might be a s igni f icant  Mach number e f f e c t  on the 
s t a b i l i t g  derivatives. The fact that this is not so over the Mach 
number range of  t h e   f l i g h t  tests with regard t o  any of  the etabfl-  
f ty  derivatives which a f fec t  t h e  rudder-locked osc i l l a t ion  is shorn 
by the comparison of tha  var ia t ion of  the experimental and theoret- 
i ca l   charaoter i s t ics  with airspeed in f igure 9 .  The inverse  varia- 
tion of P and T& with  speed and the  constant value of 
shown i n  this f igure is in accordance  with  the  control-locked stabil-  
its equations  for a constant value of  the s t a b i l i w  derivatives. 
The correspondenoe between the experimentel and predicted osci l la-  
tion chafacteriatics  over  the range of  t he   t e s t s  is considered t o  be 
within  the  experimental  accuracy, an indication t ha t   t he  assumption 
of a constant value of  the s tab l l r ty   der iva t ives  over the Mach 
number range was a sound one and tha t   there   a re -no  unaccounted 
fac tors  affecting the osci l la t ion  character is t ics  with rudder  fixed. 
From t h i s  it 5s oonoluded that the poor damping character is t ics  of  
the &est airplane arise from t he  rudder hinge-mament character is t ics-  

.) 

'In most theoretiaal   investigations,   the  effeot of the product-of- 
i n e r t i a   t e n s  resulting from the   inol inat ion of the principal 
longitudinal axis of the airplane  has been  considered small. 
However, S te rnf ie ld   recent ly  has shown in reference 2 t h a t  neg- 
l e c t  of  these  terms can lead t o  considerable  error i n  the pre- 
diotion o f  the  oscillatory  divergency  boundaries f o r  modern air- 
planes. Computations for the test   airplane  based on t he  equations 
of reference 3, which include  the  effect  of  the  product-of-inertia 
terms, give the value of  0.75 f o r  C& shown i n   f i g u r e  9 .  A 
value o f  0.67 was caloulated by t h e  method of reference 4 wMch 
neglects these terns.  Inolusion o f  the  product-of-inertia terms 
had negl ig ib le   e f fec t  on the computed period  for the t e s t  airplane. 
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Rudder-Free Cbaraoterfetioe 

WACA Rld NO. A7L31 

I I Prsdioted f r o m  

Rudder 
oonflguration 

Blight t e s t s  full-soale Ch 
data 

I I I 

rudder 
" 

+he aomputations wre made by the simplified method of reference 5, 
a6 outlined in Appsndfx C, lrhioh makes praotioal the consideration 
of  the  effeots of produot-of-inertia terms. 



In the  oase of the original rudder mith trailing-edge  bulb, the 

likely reason f o r   t h e  1068 sat i r faotory agreement in the 0880 of 
the  original rudder i r  avident from figure 13, *oh shm that 
with the amall valua of chg existent on the origipal  rudder, a 
small Ipauouraay in t he  evaluatfon of or Chs lrould oauue 
appreoiable ohanger in the uycler to damp t o  one-half  amplitude. 
Another souroe of error no t   edden t  irfnnthir figure is hacouraoy 

term, .rrhioh is re la t ive ly  unimportant when chs i s  high, inorease8 
in importame at the lomr v a l u e s  of Chb and oan uignificantly 
aff e o t  the looation of the b e e  of the o m s  of figure 13( a) a It 
o m  be oonoludad fram the foregoing that the lateral-asofflation 
oharaoterist ios o m  be a s t i ~ f a n t o r i l y  pradioted by nv9ilsble method., 
provided the combination of hinge-momezlt parameters is not ruoh od 
t o   p u t t h e   a i r p l a n e  in t he  b e e  or beyond the  knee of the OWVBI of 

I oomparison between the omputsd und measured dumping i r  goodm ffhe 

the O V d U t i m  Of t b  rudder -ping FW-etOr" chD6a -8 

f igure la( a) 
The important influeme of t ab   s e t t i ng  is midant  from Pfgure 

7 ,  The ohange 3n betreen a0 tab setting 58 sufficient to 
inorease the   cyoles   to  damp t o  one-half  amplitude as mueh a8 SO 
peroent on the original  rudder and 10 peroent on the  rudder uith 
the trailing-edge bulb ar sham in f igure  13(a), !&is offsot ma8 
exemplified in  flight, as indicated by the o u r v ~ s  in figure 11, 
Above 400 miles per hour, the -ping oharmtor ia t ies  are oonsid- 

the oharaoterist ios for the in-trim tab setting. It is eVrdant that 
a oon881VBti~  design m u s t  allow a reasolleble margin for these ahangas 

are to be avoided. 

L erably inferior for the out-of-trim tab retting, in oamparison lrfth 

. in Cha due t o  tab uetting,- if uudeairsble damping aha rau te r i8 t io~  

Ho quantitative  data were available on ha rad Chs dth the 
deboost tab or the horn-removed modifioations. However, it i 8  hamr 
that the formsr modifiontion will inorease 0a6 negatively and the 
l a t t e r  will inoresse C, posi t ively and % negat fn ly .  B o t h  
these ohanges are swh as t o  move the  rudder eharaotur is t ior   into 
the be t t e r  dmnping range, Figure 11 8 h m  that the flight re6ult8 
are in confomnitg with thi8 trend, The deboort trb modiffaatfon f a  
of rpeoial  interest, aims it iurnir-8 an q e d i s n t  by lfiioh a 
rudder Ihfuh has LIL updesirable and Chs oadbination, inrofar 

B 6 

. 
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ae dampfng ie uonoerned, uan readi ly  be adjusted for  more favorable 
oharaoteristios. 

On a l l  o f  the  rudder  modifioations  tested, exoepf with the  upper 
horn modifiaation,  there i r  obeerved a gradual deterioration of the 
damping of the airplane wi th  speed. A8 prevfously mentioned, the 
rudder-fixed t e s t s  show that this deterioration in not tr8008bh t o  
any oontrol-fixed 8tabili- parameterB. It 6- be Inferred, therefore, 
that the  effeot  i s  due t o  a ahango i n  and u l th  Yaoh 

on the  rudder used on t h e   t e s t  airplane, but this trend h e  been 
observed i n  high Yaah number t e e t r  of other  eontrol surfaces. In 
partiaular,  i f  the trailing-edge  angle is large, it OQP be antiai- 
pated  that  ch, will inoreaee  poritively and ChB will inorease 
negatively with Maoh number, a trend uhiuh figure IS sBom will 
mom the rudder into the decreased damping range. S o d  design 
praotioe, therefore, oalls for ea allowance for ohanges of a i r  
type in   seleot ing the low-apeed parameters by methods of referenoes 
4 and 5. 

number. No experimental  data are e to ver& this inferenoe 

The current trend of airplane  design  uhioh leads to intent ional  
selection of 8 low rats of ohange of rudder hingelmoment ooefficient 
with  rudder  defleation and a negative  rate of  ohange of  rudder 
hinge-mcment coetff'lcient?th angle of sidesl ip  ChB is suoh as t o  
i nv i t e  inoreasing  mplltude or poorly damped oscil lations.  It is 
therefore  important that t h e  dmping oharacteristics be cheaked by 
the  methods of Greenberg and Sternfield  or, if product-of-inertia 
terms are Pound to be important, by the methods of Wommrk. 
Allowancerr should be made for the   effeot  of tab  defleotion and Yaoh 
number on the  hingeammnt parameters. 

Ames Aeronautical  Laboratory, 
National Advisory Connnittee for Aeronautios, 

Moffett Field, Calif. 
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wing area, square feet 

free-stream airapssd, feet per rreoond 

indioated airspeed, miles per hour 

rpan of rudder, feet 

ma68 of the airp&ne, s h g u  

radius of gyration of rudder ibout hinge d m ,  feet 

period of osofllations, recronds 

time required for motions to deorease to one-half 
amplitude. seoohds 

ayolss required for motions to deumaso t o  one-half 
amplitude 

time, seoonds 

ooeff5oients of the rudder-fpee lateral-stability 
equation 

ooeffiafent of the rudder-fixed quadratio faator 
hp+fA+h for whieh the roots oorreapond t o  the 
apparent lateral osoillatian 

root of the stability determinant 

imaginary portion of  uamplax t o o t  of the stabilfty 
determinant 
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c2 P 

real portion of the oomplex root of the stability 
determinant 

dynamio preusure, pounds per spuare foot ( h V 2 )  

mass density of air, alugs per oubio foot 

airplane  relative-density  faotor (m/DSb) 

rudder relative-density faotor (mr/pbr&2) 

mean aerodynamic ohord of rudder, feet 

angle of rideslip, radian8 

rudder deflection, radians 

yawing angular velooity, radians per aeaand 

lateral-force  ooeffiotsnt .(lateral foros/qS) 

yaPring+mment ooef fioient (yawing mment/qSb) 

rollingaaomant oosf fioient (rolling mment/qSb) 

hingeimoment ooeffiofent ( hinge.3nrnent/qbr5r2) 

rate of ohange of lateral-foroe ooeffioient with angle 
of sideslip (aCy/aP) 

rate of ohange of rollingement oosf'fioient with yawing 

angular-velooity factxm [I a~l/a< rb/2v)] 

angular-velocity factor [ * l /a (  pb/2V)] 

rate of ohange of rolling-maanent ooeffioient rrith rolling 



c2 P rate of change of rolling-moment coeffioient with angle of 
s i d e s l i p  (&,/af3) 

cnl. rate of ohange of yawing-moment ooefficisnt uith yawing 

angular-velocity faotor a@(rb/ZV) 

c.6 hflec t i o n  (a& ) 

% 

'hr 

[ 1 
rate of ohange of awing-mnmnt coefficient with rudder 

rate of change of rudder hinge-inornent ooeffioient with 
angle of sideslip (acfls) 

rate o f  change of rudder hinge-moment ooeffioient with 

yapring angular-velmity Paotor [ ( rb/ZV)] 

chs rate of ohaage of rudder hinge-mament coefffoient w5th 
rudder defleotfan (&&E) 

rate of ohaage of rudder hinge-monent ooefPicient with 

rudder angular-velooity faotor bC& [ ] } 

APPENDIX B 

PEYSICAL CBARACTERISTICS OF THE TEST AIRPLANE . 
General 

Test gross weight . . . . . . . . . . . . . . . . . 13,000 lb 
Moment of inertia in yaw 

about principal axis . . . . . . . 36,340 81%-ft 
Moment of inertia in roll 

about principal axis . . . . . . . . 13,980 slug-f't' 
Angle between reference 

axis and prinaipal  axis, 
positive vhen reference axis is 
above principal a x i s  at no88 = . . . . . e . . 2.4' 

gravity (0.25 M.A.C.) t o  rudder 

2 

Distance from airplane oenter of 

hfngelfne .....ot..t..tt......-. 2900Ft 



12 NACA W NO. 6 7 L 3 1  

Area . . . . . . . . . . . .  
Aspeot r a t i o  . . . . . . . .  
Taper r a t i o  . . . . . . . .  
Mean aerodynamic chord . . 
Dihedral .' . . 
Inoidence (root  ohord station 
Geometrio twist . . . . . . .  
Root seotion . . . . . . . .  
Tip  aeotion . . . . . 

span . . . . . . . . . . . .  

Vertiaal t a i l  

Area . . . . . . . . . . . . . .  
Span . . . . . . . . . . . . . .  
Aspeot r a t i o  . . . . . . . . . .  
Taper ratio . . . . . . 
Mean aerodynamic chord . . . . .  
Offaet . . . . . . . . . . . . .  
Root section . . . . . . 
Tip section . . . . . . . . . .  

Rudder 
Area af;t o f  hinge line . . . . 
Mean aerodynmio chord . 
Chord aft o f  hinge  line, percent 

fixed aurfaoe ohord . . . . .  
Total  balance area 

Original  rudder . . . . 
Original rudder  with  the  upper 
horn removed . . . . . . . .  

Nosegap . . . . . . . . . . . .  
Travel . . . . . . . . . . . . .  
Included trailing-edge angle . 

span . . . . . . . . . . . . . .  

Contour aft of hinge l i n e  . . .  
Tab6 

. . . . . .  

. . . . . .  
. . 3.79 sq f t  ' . . .  fabric  sealed . . . . . .  stralght 
(approximately) +2s0 . . . . . . . .  lso 

Trim 
Area a f t  of hinge line . . . . . . . . . . . . . .  1.91 sq it 

Chord, percent of aontrol ohord . . . . . . . . . . . . .  6.99 
Travel . . . . . . . . . . . . . . . . .  (approximately) *loo 

Span e o o o e m m m e m e . e m . m e . e m m . o m 0 ~  4 e 0 8 f t  



1s 

Balanoe ratio (Tab throrr 
per aurface throw) 

Original rudder ...... 
Deboostmodifioation . . . 

Spring 
k e a  O f  hinge 1 b O  0 0 0 

span ............. 
Chord, peroent of eontrol ohord 

.Travel ............. 
Spring  oonatant,  rudder 

hinge mombnt per tab angle . . 
Maslent of inertia of the rudder 

system about hinge l i n e  .... 
Budder friotional hfnge maaaant . . 

.............. 0 ............. 0.6 

............ 1.00 ........... 2059Ft ............ 7.01 ..... (approximately) fls0 

wine 
!Cype ..................... Wright R-3S60-8 
Propeller gear ratio .................. 0.4375 . 
IVormal horse power ratings 
Sea l eve l  ................ 2100 hp at 2400 rpm 
3800fee t  ................ 21OOhpat24OOrpm 

Propeller 

The method employed in the present investigation for pradiotfng 
the rudder-frea -io lateral r t&i l i ty  of the airplane waa taken 
i r a m  referenoe 5. It mdker use of the aoeffioiontr of the rudder- 
looked qqackatio faotor A2+fA+h, for dfiioh the root8 oorrsspond to 
ths motion -oh is  readily appar& t o  .the pilot.  The rubutanoe of 
this prooedure is the neg1eiut;ing of the offoot of % on rudder- 
motion tennu during the dotellainant expansion prooess while retaining 
Cy e f feo t s  on other tern. Applioation of th ia  prooedure, using 
rudder-fixed ooeffioients and not oonrldering rolling, yieldu an 

B 

equation of the forms 

AA4 + B h S + C A g + E h + F  L O  
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where 

8'1 

The roots of equation (1) which define the apparent lateral 
oscillations are  of the form A = at + ib'. !These roots are used 
In the following equations to determine the period and time to damp 
to one-half emplituder 

p = " 2rrb 
b' V 

The relationship between and Ch which defines the 
boundary for divergence is obtained by setting F I= 0 and that for 
oeoillations of inoreasing amplitude is found by setting Routh's 
discriminant 

B 

The inoomplete-damping  boundary, whioh deffnes a region between 
damped and inoreaeing-amplitude  oscillations in whioh constant- 
amplitude  oeoillations oocur, is the envelope of the boundaries for 
inoreaeing oscillations for various values of C, 

Ds' 

The ooeffioients f and h of the rudder-looked  quadratic 
faotor, whioh are  used in the preaent  investigation, were obtained 
from the rudder-looked  flight-test data presented in figure 9. By the 

. 



use of the quadratic formula, equatfone (2) and (3) 089 be trans- 
formed for the rudder-looked oase to the fora 

4Tf2 E+ f2 h a -  P v2 4 

Values of T+, P and V from figure 9 oan then be substi tuted in 

equations (4) and ( 6 )  to emluate f and h. Rudder-locked oacilla- 
tion f l igh t - tes t  data usually are not a m i l a b l e  for use in the pre- 
dict ion of rudder-free oharaoterisffas. In t h a t  uase, a' and b' 
(and heme f and h) onn be evaluated from wind-tunnel data or 
other inf'ormation by a method suoh a8 that given in referenoe 3, i n  
uhich the  s f foots  of r o l l i n g  and the produot of inertia due t o  ths 
incl inat ion betmen the wind a x i s  and the principal a x i e  are con- 
sidered. 
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Figure 1,- The teat airplane inntrumsntsd for fllghk. 
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(a) Top V i e r .  

(b) Bld Vim. 

Figure 4.- Rudder trfm tab rith the trailing-edge bulb 
attaohsd. 
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(a) Close up. 

(b) Side  View. 

Ffgure 5.- Vertfual  t a i l  uith the horn-balance 
area removed from the rudder. 
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