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Robert  B.  Merrick,  and Haward F. Matthews 

SUMMARY 

Presented  herein  is a simple  method  for  analyzing  the  effects of 
inertia  and  aerodynamic  cross-coupling on the  response of airplanes  in 
rolling  maneuvers.  The  method  is  based on the  concept  that  variations 
in  the  calculated  steady-etate  angle o f  attack  and  sideslip  with  roll 
rate  give a  measwe of the  onset an& degree of roll  coupling.  Compari- 
sons are made with  the  results fran five-degree-of-freedom  analog-cmputer 
studies  of unawented and  augmented  airplanes,  and  it  is sham that  the 
method  is u s e m  in predicting  trends  but  does  not  predict  magnitudes  with 
sufficient  accuracy  for loads analysis.  Limited  flight data are included 
also to  demonstrate the use of the steady-state  method  in  indicating 
unsatisfactory  regions  of  flight. In addition,  the  method  is  shown  to 
be  useful  in  predicting  the  magnitude of the  aileron  deflection  where 
serious  roll  coupling all occur. 

INTRODUCTION 

Recently, a nmber of high-speed  a3zplanes  have  experienced  large 
excursions  in angle of attack  and  sideslip  during a rolling  maneuver 
(refs. 1 and 2) which  have  been  attributed  to  inertia  coupling. The 
possibility  of  such an occurrence  was  predicted in 1948 by Phillips in 
reference 3,  wherein  he  showed  that in a steady  roll a divergence in yaw 
and  pitch will occy when  the  rolling  frequency  approximately  equals  the 
uncoupled yawing or  pitching 'natural frequencies. hthough Phillips 
correctly  defined  the  fundamentals of the  inertia-coupling  phenomenon, 
the  developnent  of a more cwrehensive but  still  sinrple  method  for  the 
prediction  of  serious  roll-coupling  effects was considered  desirable. 

b 

The  purpose  of  this  paper  is to present  such a method,  referred  to 
as  the  "steady-state  method." This method  is  based on the  concept  that 
the  variation of the  steady-state  angle  of  attack,  sideslip,  and  other . 



quantities of interest  for  various  steady ro l l i ng  velocities  give8 a 
measure of the  onset and degree of' roll coupling.  The main subatance of 
this paper,  then,  includes  the  derivation of formulas for  the steady- 
state  angle of attack,  sideslip,  etc., from the equations of motion, and 
&11 evaluation  of  thia cmcept by means of a cmparieon of the  steady- 
state  results  Kith  analog-camputer and fllght  data. 

Prior to the  campletion of this study, it had come to the authors' 
attention  that others (refs. 4, 3, and 6 )  had also conaidered  the  steady- 
state approach. However,  it  is  believed  that this  study treats  the  prob- 
lem more  extensively and f ran a sanewhat  different  "point ..of view and - 

therefore should be BL useful  addition-to  the "anding literature  on the 
subject . 

NOTATION 

The anaIy-6i.s made in t h i s  report employs a system of body axes. !The 
axis  system is shown in figure 1. All angles are In r a d i a n s  unlese other- 
wise  noted. A dot above a symbol represents  the  first  derivative with 
respect to the. 

b wing span, ft 

CY lateral-force  coefficient, 
Lateral  force 

CZ vertical-force 

C2 rolling-moment 

+-% 
2 

coefficient, vertical  force 
I p v ' S  2 

coefficlent, rolling mment 

LpPSb 
2 

Cn yawing-mment caefficient, 
yawing moment 

IpV%b 2 

- 
C mean aerodynamic  chord, ft 

D differential  operator, - d 
at 
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f w f p  

g acceleration  due  to  gravity,  ft/sec2 

G d 2  

?e altitude, ft 

cyclic  frequency in pitch and yaw, respectively, during rolling 
motion,  cps 

elevator and rudder  servo  gains,  radians/volt 

- , dimensionless Iz-Ix - 

I 1  
I3 " x, dimensionless 

=Z 

" 

IN 

Ix ,Iy,IZ moment of inertia  in  roll,  pitch, and yaw, respectively, 
referred to body  axis, slug-f t2 

Ixz . . product  of  inertia  referred  to  body  axes,  slug-ft2 

Xe 
I polar  mcanent of inertia of jet  engine  rotating  member,  slug-ft2 
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m mass of airplane, slugs 

M Mach  number 

PYbr rolling,  pitching,  and yawing velocities,  respectively, 
r&ane;/sec 

PO 

% 

steady  rolling  velocity,  radians/sec 

roll  subsidence  root,  dimensionlees 

S wing area, sq ft 

t time,  sec 

At incremental  time  interval,  sec 

v free-stream  velocity,  ft/sec 

U angle of attack 

B angle of sideslip 

8a total  aileron  deflection,  positive for trailing edge of right 

it 

aileron  down 

horizontal  stabilizer  deflection,  positive for trailing  edge 
down 

Mt horizontal  stabilizer  deflection  above that required  for  trim 

6, rudder  deflection,  positive  for  left  rudder ' 

€ declination of principal axis below body axis 

L J  $3 damping r a t i o  in pitch and yaw, respectively, during ro l l i ng  
motion unless otherwise  noted,  dimensionless 

e angle of pitch of longitudinal body axis 

P air  density, slugs/cu ft 

T angle of roll 
. .  

. .  
~ ." 

". 
.x, 
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. 
ncp incremental  angle of roll 

Subscripts 

av average 

as steady  state 

crit  critical 

c y g y c % y  &Y %l % 
Cmd, 1- ap ’ zy .-, . . ., etc. 2v 

Derivatives 
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where Y,Z,L,M, and IT are  total  forces or  mments at  the  start of the 
rolling  maneuver. 

TBE STECIDY-STATE 

Illustrated in figure 2 is a typical  afrcraft  angle af attack  versus 
sideslip analog-computer  record  for  an  applied  canstant  aileron  deflection 
with rudder and horizontal  stabilizer held fixe5 at their  initial  trim 
values. In t h i s  Instance,  the  aircraft  started i t s  rolling  motion frm 
initial  trim  conditions  of 4' angle of attack  and  zero  sideslip and when 
allowed to r o l l  indefinitely  tended  to  stabilize around a new  steady-state 
condition,  denoted  in  the  figure by %, and pss. It is the variation of 
these and other  pertinent stew-state values  for  various  constant  roll 
rates and  the  interpretation  therecf  that  is  the basis of the steady-etate 
method which follows. .. . .. . . . " . . . .. . . " " " . - 

Derlvation of the  Steady-State Formulss 

For this analysis a constant forward velocity and a constant altitude 
are assumed. The equations of motion  used  are  the five-degree-&-freed.. 
rigid-body equations. The  five  equations are: 

" 

~-I,pr+I,(p2-3)+Ig = %%&%q+MpB+M (3 )  

$+Ispq+I,( -&qr) -I+ = Np@+N@+Nrr+Npp+N (4) 

$+15qr-Ie  ($+pq) = LBB+$p+kr+L . . ( 5 )  

There  are  several  different  methods' for solving  these  equations  to 
obtain  the  steady-state  values  for a conatant  roll  rate (p = po) and fixed 

'Another  method is to transfarm  equatlone (1) to (4) directly to 
algebraic  equations by setting 4 = i. = c i  = f i  = Z = 
However,  this  procedure  results in an equation which F 6 = of O m d p  greater than 
the  first  degree in the particular quantity desired. For example, 
m u s t  be  obtained  from a cubic  algebraic  equation of.which only one root 
is of practical  significance - 
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controls. A convenient  one, which has the  advantage  of  yielding formulas 
( in  the  absence of nonlinear aerodynamic  derivatives-) tht can be  used in 
some instances  .to  easily  predict  effects of parameter  changes, is to 
linearize  equations (I) to (4) by assuming: 

p = po = a constant 

q~ =Ip dt =i pot 

r2 << po2 

The  resulting four linear differential  equations  then can be  solved  by 
standard  operational  techniques  to eve: 

(D4+%D +a2D  +alD+ao)a = bo+b,ZgsFn  pot+b,Zgcos  pot 3 2 

where  the a 's ,  b ? s f  and c ' 8  are constants  and  combinations of inertia 
and aerodynamic  parameters and the  rolling  velocity,  po. If these  fourth- 
order  differential  equations &re stable and the  initial  conditions  are 
known, the  time  solution2  for OL and p w i l l  be of  the  form 

a(t) =-  
bo (decaying (sinmuidal oscillations 
a, + transients) + due  to  gravity  term zg) 

.P(t> = - + (decaying + (sinusoidal  oscillations 
a. transients ) due  to  gravity term yg) 

or  the  steady  state is 

21n reference 7 Sternfield has derived  expresslons of approxgate 
time  solution  for a and p 'assuming a constant r o l l  rate. 

- .  
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The complete  expressions  for  the  constants %, bo, and co may  be found 
in Appendix A. The divergent boundary ie given by a. = 0. With  appro- 
priate  simplifications-  to  the  terms of %, this  equation can be reduced 
to  that given by Phillips in reference 3.  . . .  

To demonstrate  certainpoints in subsequent  portions of this  report, 
it  is  convenient  to  omTt the minor parameters Y, YB , Yp, Y,, Z, Np, and 
% in  the  expressions  for a,, bo, and co. The equations f o r  r+s and 
BSS then  reduce  to: 

. .  . " - 
. .3i 

Although a,, and pS6 are perhaps the  most.btportaat of the  steady- 
state  quantities,  three  other  useful  relationships can be  derfved from 
equations (l), (2), and (5). These  are,  respectively: " 

- " 

u% s 

Character of Results 

As noted,  the  equations  for  the  quantities of interest  are  algebraic 
equations w h i c h  are  functions of aerodynamic and inertia  parameters and 
the roll ing velocity po. With known values of the parameters  it is 

5 .  .- 
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possible  to assume various  values  of po and  campute  the  corresponding 

Cn is  not  zero  or if the  other  aerodynamic  derivatives are functions 

of OL or P .  An illustrative  example of the  type  of infomation which  is 
obtained  from  such  cmputations  is  given in figure 3.  In figure  3(a) are 
s h m  three  areas  of  rolling  velocity and the  basic  factors  which  govern 
the  magnitudes  of " s S  and pss in these  regions. of the  three,  the 
intermedLate  range of rolling  velocity will be of most  interest,  since 
it  is  here  that  the  largest  changes  in %, and Bss occur. As previously 

* mentioned,  it  is  postulated  that  these  changes in magnitude f r m   t r h  con- 
ditions  determine  the  degree  of  inertia  coupling  encountered  by  an  aircraft 
doing  aileron  rolls  with  fixed  rudder and stabilizer. 

magnitudes  of ass , PSS, etc. An iteration  procedure  must  be  used if 

8, 

Pus0 shown in figure 3(b) are  the t w o  distinctly  different  types  of 
paversus Eass plots  which  can  be  obtained and which  depend  primarily on 
whether  favorable  or  unfavorable yaw occurs.  These  plots  are of impor- 
tance  since they indicate  the  magnitude  of  steady  rolling  velocity  the 
aircraft  can  achieve. Same interesting  points on r o l l  stability will be 
covered in a subsequent  portion of this paper. 

EVALUATION OF THE STEADY-STATE CONCEPT 

To evaluate  the  method,  the  steady-state  solutions  were cmpared with 
the  reSul"tS  of mog-computer studies  and  with  flight  data.  Although 
these  cmparisons  shared  that  it  was  not  possible  to  predict  the  peak 
magnitudes Of the trmient a and'p with  sufficient  accuracy  for loads 
W l p i s ,  the  steady-state  solution  did  correctly  indicate  the  onset and 
severity of roll  coupling. A few  selected exqles follow to  illustrate 
the  degree of canparison  and  the  usefulness of the  steady-state  concept. 

The  characteristics  of  the F-10OA and  the F-102A airplanes  were  used 
in  the  calculations  and a summary of  their mass, geometric, and aerodynamic 
properties is given in tables I and II. However,  unless  otherwise  noted, 
the  basic  characteristics of the  large-tail F - l U  airplane  at M = 0.7 
and 3O,OOO feet w i t h  C, = 0 were  used in the  following  comparisons  and 

will be identified  in  the  text  as  the  "example  aircraft ." The  steady-state 
a and f3 were cmputed frm the cmplete equations ( 6 )  and (7) unless 
otherwise  noted. 

Ea 

Canparison of the  Steady-State  With  Analog-Computer  Results . 
Throughout  this  section  of  the  report, f ive-degree-of  -freedom (c =0) 

dog-cmputer results  are  presented  for  approximate 360° aileron  rolls. 
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# 

These 360° r a l l s  are made wlth pi lot   appl ied  f ixed  e levator   (or   s tabi l izer)  
and no rudder  input  during the r o l l .  Ln figure 4 &e sham typical  records 
f o r  such a r o l l  with the maximum excursions and average roll rate indi- 
cated. On subsequent flgures the maximum excursions i n  s ides l ip  and i n  
angle of attack  plus  the trim a. are  used  for  the comparison with the 
resul t s  of the steady-state method. 

.. 

" 

Relationship of pftching and yawing frequencies.-  References 3 >  8, 
and others have sham that it is desirable t o  have the pitching and yawlng 
frequencies of the  a i rcraf t   equal   or   c lose  to   each  other ,  This conclueion 
i s  drawn from a study of the  equation defining the divergent  boundaries, 
a. = 0, as follows: 

Consider the denominator of the  simplified expression f o r  %, 
or Pss (e% ( 8 )  o r  ( 9 ) )  > 

Now when the normal signs shown above the paramet&rs are examined, it is  
seen that a0 will always remain posit ive (and therefore stable) i f  the - 
bracketted  terms  reverse sign at the same rolling velocity. The rela- 
tionship of the  parameters which are necessary  for this reversal  is seen 
t o  be: 

- 

L 

" . "  . . .  " . -. 

or  

The only manner i n  which the above relationship can be realized is  f o r  
Iy = 3 and I& = -Np, the latter being  the  equality between the  square 
of the  pitching natural frequency and the s q w e  of the yawing natural 
frequency.  Since % is  always larger than Iy, the foregoing rela- 
tionship can be approached but  not  exactly  achieved. 
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For later  use,  the  rates of roll at  which  either of the  bracketted 
terms in equation (1l) beccane zero are defined  as  critical  rolling veloc- 
ities.  They are: 

Analysis has indicated  that  when  the  vertical  tail  size  (i  .e. , Cn,) 
of an  airplane is proportioned so as  to  approximate  the  best  relationship 
between M, a d  ITp -(eq. ( 1 2 )  ) , excursion6  in a and 0 are  alleviated  con- 
siderably.  Since  these  results also agree  wfth  flight  experience,  it  is 
therefore  of  interest to examine  the  effect of arbitrary vdations in 
natural  frequency  parameters M, and Na on  the  steady-state  excursions 
in a and p, and to campare  them  with  analog-cmputer  results.  Figure 5 
is  presented for discussing  the  trends  which  may be expected.  Three 
curves  have  been  calculated  for  both %s and pss u s i n g  constants and 
derivatives of the example  aircraft,  except  as  noted,  starting from 
trimmed  level  flight. &e curve, sham by  the  solid  line,  is  for  the 
best  value  of Ns defined by  equation (12) corresponding to the  existing 
value of I& for  the  airplane.  For  this  case, NB = -0.75 and the 
corresponding  value of is about 15 percent  larger  than  the  value 
tabuhted in  table I for  the  large-tail  airplane.  When NP is  reduced 
below  the  best  value  relative  to &, a and fl excursions  are  increased. 
In fact,  if Np is  sufficiently small, instability  occurs, as can  be 
seen from the  dashed  curve in figure 5 .  The dashed curve,  identified  as 
NB being  equal  to 3/10 of  the  best  value  relative  to I&,, can be asso- 
ciated  with  the  small-tailed F-100A airplane a t  the'same  flight  condition. 
The  remaining  curve  does  not  represent a particular  configuration of the 
F-100A airplane,  but is included  to  show  the  effect of increasing Np 
and Q by a factor of 3, at the  same  time  retaining  the  best  relation- 
ship  between  these  quantities. Also indicated  on  the  figure  for  the 
solid  and  dashed  curves are the  critical  roll  rates  obtained  from equa- 
tions (13) and (14). The critical r o l l  rates  for  the  dash-dot  curve  are 
out  of  the range shown. 

t 
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The  data  of  figure 5 clearly  show  that large r o l l  coupling  can  occur 
when  the  best  relationship  formula  between NP and M ,  is not observed  as 
well  as  the  beneficial  effects  of  increasing  both  the  natural  frequencies 4 

in yaw and pitch. . . . - . ... . -  "" ~- .. . . . . .. .. . .... . " - . . - . - -. - 

1 .  

In figure 6, the  three  curves of figure 5 are  compared  with  results 
from  five-degree-of-freedam adog-computer solutions.  The  canparison  is 
made in figure 6(a) for the  case of NP having  the  best  value  with  reapect 
to M a ;  in figure 6(b) for NB = 0.3 of  the  best  value; and in  figure  6(c) 
for a threefold  increase in both NP and  while  the  best-value  relation- 
ship  is  retained. In each of figures  6(a),  6(b), and 6(c),  three  curves 
are  shown. T h e .  solid  line  is  the  calculated  steady  state,  the  dashed  line 
is  the maxtmum transient  excursion for a 360° r o l l  occurring  during the 
departure  from  trim,  and  the dash-dot line  is  the maxim- transient excw- 
sion  during  the  return t o  trim.  With  the  single  exception  of Bss magni- 
tudes  at high r o l l  rates (-167' to -195O per  second)  for  the  caee of 
NB= -0.3 &(13/Il) in figure  6(b),  the  magnitudes of the m a x i m u m  a and p 
transients  during  the  departure fram trim follow the  trends  predicted by 
the  steady-state  equations;  those during the  return  to  trim,  of cowse, 
have  no  steady-state  counterpart. It is apparent,  however,  thht  at r o l l  
rates less then the lower of the two  critical roll rates  these  transients 
appear to  deviate from the  steady-state  curve  by roughly the sme amount 
as  the  departure  transients,  but in an opposite  sense.  Above this criti- 
cal r o l l  rate,  the  return tramients fo l low no  obvious  pattern  with  respect 
to  the  steady-state  values.  Thus  the  trends af the maximum angle of attack 
and  sideslip as affected  by r o l l  rate  axe  correctly  given by the  ateady- 
state  method, but the  prediction  of  the  magnitudes of these  quantities  with 
sufficient  accuracy  for  loads analysis is not possible. 

- 

--  

9n figure 6(b) (and some  subsequent  figures) I s  noted a region  in 
which  the  airplane  ccrntinued to roll even  though  the aileron deflecticm 
was  reduced  to zero. This  phenomenon is associated  with  favorable  yaw 
and  possibly  could be avoided  if  the  aileron  were cmpletely reversed 
rather  than  returned t o  neutral. .. -7  

Effect8 of initial  angle  of  attack and elevator  deflection.-  Previous 
studies  (ref. 8) have  shown  that  the  initial  angle  of  attack at the onset 
of rolling and inadvertent  elevator inputs during a r o l l  can  have a large 
influence on the  magnitude of the a, and B excursions  during a rolling 
maneuver. It is hown further  that  the  excursions will  be  near a minimum 
if  the  initial  angle of attack is such that the principal axfs and flight 
path are aligned. These  effects can be  demonstrated also by the w e  of 
the  steady-state  method  in  the following manner. 

In figure 7 are  plotted the %s and fiss for initial  amgles of attack - 
of -4O, +lo, and i-6' for  the  example  aircraft  which  correspond  to  initial 
angles between the principal  axis  and  the  flight  path of -5O, Oo, and +5O, 
respectively. As can be noted  from  the  figure,  large  deviations  in ass + 
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and pss occur in the region of -80' to -180°. per  second r o l l  rate  for  the 
two  cases  where  the  principal  axis  and  flight  path  are not aligned. Also 
of interest Is the reversal of " s S  for  roll  rates  greater  than -120' per 
second.  Since  the  amount of elevator  deflection  is  directly  associated 
with  the  initial  angle of attack,  this  change  would  appear  to a pilot r o l l -  
ing in this region as a control  reversal. The large  difference  in  the 
extremes  of %s also indicates  that  the  elevator  control wXU be  sensi- 
tive in this  region.  Such  characteristics  have been observed i n  flight. 

Figures  8(a),  8(b), and 8(c)  have  been  prepared to show  the  comparison 
between  the  steady-state  values  and  the  analog-computer  results. As is 
seen  from  these  data, .the steady-state  method  is  useful in predicting  the 
effects  of  changes  in  initial angle of attack. 

As an interesting  sidelight,  the  fact  that  the mFnimum change  in 
ss occurs when the  principal axis and  flight  path Elre nearly  aligned 
can  be  shown  easily frm the  simplified  steady-state  equation  for ss 
as  follows: 

If  the damping and  engine  inertia  terms  are  neglected,  the  equation 
for %s becomes 

ass - 
- I,Po2-M M - 

-% (* 

When  po = 0 in this  equation, asI; - = M/-G. In order then 
to  maintain " s S  = M/", invariant with r o l l  velocity  the  terms  within 
the  parentheses  must  be  equal, or 

- atrim 

1 1x2 
" PO 

2 -1 = 

This  equality  reduces to 

Po -1 
2 

Since by definition Ixz/(Iz-Ix) is  the  declfnation of the  principal 
axis  below  the body axis, E, the  above  equation means that  if  the  angle 
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of  attack  of  the  principal  axis  is  zero, no deviation  in as with po 
will occur.  This  conclusion, of course,  is  modified  slightly if all the ... 

terms  affect- %s axe  cqnsidered. 

Augmentation devices .- The me..of augmenters  to  reduce .the roll- 
coupling  tendencies of an aircraft has received  consfderable  attention 
recently  (refs. 9 and 10) . Tbe purpose  here is to demonstrate  that the 
steady-state  method  pr-des a means. o f  esti+.ti.pg; the  effectiveness of 
an augmenter  and the magnitude of the  control  required. Two devices 
have  been  selected for study;  one,  the  artificial  damper  in yaw or pitch, 
and the other, a pq plus a pr feedback which tend6 to  cancel  certain 
important  inertia-coupling  terms  in  the yawing and pitchFng  equatlone of 
motion,  respectively.  A-simplified  block diagram of  their  mechanization 
for  study of five-&pee-of-freedmn  simulation is ehown in  figure 9. 

Artificial  -em:  Some analog-cmputer stud$es  (ref. 8) have 
indicated that an increase in pitch  damping is more effective than an 
equivalent  increase in yaw damping in  reducing  inertia  cazpling in a 
rolling  maneuver. A scrutiny of the  simplified  steady-state  equations 
f o r  a& and pss ahms that  this  conclusion should always be  true  in 
the  absence of yawing maments  apslied by the  .aileron.  or,.*dder (N = 0) . 
For example , increases in pitch and y-aw damping by artificfd.  means may .. 

be  approxFmated in the steady-state  equations by increasing  the  paramiters 
% and Nr , respectively.  Referring  to  equations (8) &id (91 and letting"" 
N be  zero,  one  sees  that % occurs tdce -&id"w"-iX the-:denminator, 
whereas Nr occurs  but  once i n  both denomfnatorg and in the  numerator  of 
pss. Since  increases  in % or Nr increase  the  denaminator or numerators 
if  the  aircraft has not  exceeded  the  divergent b o u n w ,  it .is apparent 
that  increased % (pitch damping) will be  more  effective  than IJr (yaw 
damping) in reducing  either pss or as8. This anamaly is  confirmed by 
the  data shown in figure 10, on which  have  been  plotted -8 and pas for 
the normal example  aircraft  and f o r  separate  increases in the  damping  in 
pitch and yaw. The  increases  in the damping  ratios  noted  were  camputed 
frm two-degree-of-freedm  analyses in pitch  and in yaw  at  zero r o l l  rate 
and the changes  in  magnitude  were made by appropriate  increases  in 
and Nr (% , e) in the  steady-  state  equations. Also shown in the figure 
are the steady-state  rudder and st~ibilizer deflections necessary f o r  the 
augmentation  as  obtained frm the  following equatims: 

" - 

." . . . . . . -. . . 

. .  

.. . 

" - 

. "_ - 

The  large  difference inthe deflections of the  control  surfaces  is due 
primarily  to  the  differences fn the control  effectiveness. To i l lustrate 
that  the  eteady-state  method wil l  indicate  the  effect  of  artificial  drtmpers - 
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on roll coupling,  figures  =(a), ll(b), anG.U(c)  have  been  prepared. 
The  data  in  these  figures  show a good correspondence,  trendwise,  between 
the  steady-state  and dog-ccanputer results.  For  the analog simulation 
the feedback loops C and D of figure 9 were  used,  with  the  gains G, and 
G2 adjusted to give  the  required  damping  ratios. 

The pq,pr  augmenter: It has been shown that an aircraft  experiences 
small  roll-coupling  effects if it  rolls  at  rates  well  below the critical 
r o l l  velocities  defined  in  equations (13) and (14). One  means  then of 
reducing  such  effects is to hcrease the  critical roll rates  by  the  use 
of an  augmenter. aS can be seen frm the equations  defining  these  criti- 
cal  rates,  they may be  increased 3.n the  llmit  to  infinity  by  canceling, 
with  pr  and pq feedback,  the  inertia-coupling  terms  -1,pr  and  13pq 
in  the  pitching  and yawing equations of motion,  respectively  (see  refs.-g 
and 10 for previow studies  on  this  type  augcnenter).  Figure I 2  illustrates 
the  effect of this  cancellation on certain  steady-state  quantities.  The 
steady-state  rudder  and  horizontal  stabilizer  deflections  necessary  for  the 
augmentation  were cmputed from  the  formulas 

As can  be  seen frm the data in the  figure,  the pq,pr feedback  device 
results  in a significant  decrease in a s s  and pss, but  the  neces - 
sary  to  achieve  these  improvements  is  large. In an effort  to  reduce  the 

and still  retain  the  desired s m a l l  variation  of %, and pss with 

%s 

%s 
po , artificial damping w a s  added with the  favorable  results  shown  in 
figure 13. 

Figure 9, loops A and B, illustrates  the  method  of  simulating  the 
pq,pr  device on the analog cmputer. In  a practical  case  the  products 
of  pr  and pq can  be  obtained  by  driving  the  primaries  of  two  transducers 
on  the roll rate gyro with  amplified  sign&  from  the  yaw and pitch  rate 
gyros. For  the analog simulation  the  gains G, and G2 were  adjusted to 
give  exact  cancellation  of  the  inertia-coupling  terms  when  the  dynamics 
of the  servo  were  neglected.  Figure 14 shows  the cmparison of the  steady- 
state and the  five-degree-of-freedom  analog-computer  solutiohs  for  the  two 
types of augmenters. In general,  the  data in figure 14 along w5th  that of 
figure =(a) shuw that  the  steady-state  method can be  used  in a qualitative 
manner  to  assess  the  roll-coupling  effects  of  these  special  ty-pes of 
stability  augmenters. 
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Ability of the  ailerqns  to  create roUbg velocity.-  Since roll rate 
has  been  recognized as a fundamental  parameter in the inertia-couplLng 
phenamenon,  the  foregoing  evaluation of the  steady-state  method  has  been 
predicated on a comparison  of  the  calculated  steady-state a and p 88 a 
function  of  roll  rate  with  solutions f r m  the  five-degree-af-freedm 
analog  simulation. Hmever, it is-of importance a l s o  in the  evaluation 
to determine the &@;ret? to which the steady-state  approach  can  estimate 
the  ability  of  the  aileron tu create rcdXng velocity. In figure 15 are 
shown  such rolling perfo-ce data. The correspandFng  canparisone of 
a and p have  been  given in figure. ll(a). . . . . . - . . " 

The  data  shown infigure 15 are  interesting for several  reasons. 
First,  the  steady-state  solution is seen  to  have a lower and an upper - 

statically  stable hrancb (solid  lines)  connected by a statically  unstable 
branch  (dash  line).  Second, is the close  correlation in magnitude  between 
the  analog-computer-results  and  those of the  lower  steady-state  branch up 
to  about 170 control  deflection  and  the good agreement in trend with the 
upper  stable  steady-state  branch  above 3Q* aik.ron_.-deflection.  Plotted 
also in the figure  is  the  straight  line cxf the single  degree  of freedm 
relationship  between -po and 6 . The  difference  between  the  straight- 
line  and  the  steady-state  solution is due primarily  to ro l l i ng  mcanents 
induced by sideslip. , 

&SS 

During  the  ceurse-of  obtaining  the  analog-cmputer data, same runa 
were  made  for  rolls  greater  than 360~. These  data  matched the steady- 
state  lower  branch  closely  up  to a 6, of about 25' at which point a 
jump in roll  rate  occurred so-thgt fm.larger.control deflections  the 
steady-state  upper  bragch-was  fo-lowed. S&. uhde?.s~&di~ of  the reas6K 
for  this  discontinuity  in  the r o l l  rate wa6"obtaine-dby-considering small 
perturbations  about  the  steady-state values and solving for the cmacter- 
iatic  modes of the  five  equations of motion.  The  me-thod  of  reference 6 
was  used  but only the  most  important  derivatfves and inertia terms were 
retained  for  these  sman-perturbation  canputations (I*, I,,  I,, YB, yP, 
Yr, Q, %, MB, rap, & were set  equal to zero). The results  are 
given in figure 16 for  the lower statically"stab~e-a€e~--~~ate branch. 
These  data  show  that-  the yaw or  dutch  roll  mode becmes dy;lamicaUy 
unstable at 270 control  deflection.  Whether  this good agreement  between 
the  perturbation  analysis and the analog-cmputer  results wlll occur for 
different  aerodynamic  derivatives is not known, as trgnsient  effects are  
important in determining  the  critical  aileron  deflection. 

Since it has been  noted  by  others  that the derivative  Cn ha8 
sa 

some  Fnfluence on the  roll-coupling  problem,  the  steady-state  solutions 
were  computed  to  illustrate  the  effect of a change  in  this  derivative at 
both a subsonic  and a supersonic  speed.  These  results  are  given i n  fig- 
ure 17 and show that a favorable yawlng mment due  to control &flection 
tends  to add favorable yaw (or  reduce  unfavorable yaw) for  the  lower 

. . . .  . . .- 

I 

. . .  - .. 
. .  - 



NACA RM A S K 0 7  17 

branch  at  either  Mach  nmiber and so increase the roll  rate  for a given 
aileron  deflection. This effect  is so pronounced  at  the  supersonic 
speed  that  the  steady-state  solution  becomes  statically  unstable  at a 
roll  rate of -190' per  second  with a moderate  amount  of  favorable yawing 
moment.  The  stability  in  this  instance was checked also by  the  pertur- 
bation  technique  at  roll  rates  of -lgOo and -210° per  second.  The  results 
of  these  computations  are  noted  in  figure 17 and  show  that  at  the  lower 
roll  rate  the  roll  subsidence  root  is  convergent  but  at -210° per  second 
it is avergent. 

The  usefulness  of  the  steady-state  method  and  the  perturbation 
technique  for  determining  the  ability  of  the  aileron  to  create  rolling 
velocity  is  that  it  offers a means  of  assessing  the  areas of aileron 
deflection (or roll  rate)  where  serious  roll  coupling  occurs.  Thus,  it 
offers a way  of  judging  where  to  limit  the  control  deflection  (or  roll 
rate) if this means is  used  to  avoid  roll-coupling  difficulties. 

Comparison of Steady-State  Solution  With  Pilot Opinion 

The  main  objective of the  steady-state  approach is to  provide a 
simple  qualitative  method  whereby  in  prkl3mi.n.n.  design  one  can  quickly 
assess  the  onset and degree of roll-couplhg effects  for any selected 
flight  condition. The method  would  be  of  questionable  value,  however, 
if  its  results  were in conflict  with  pilot  opinion  regarding  actual  air- 
plane  performance.  Sane  unpublished  pilot-opinion data have  been  obtatned 
f r c n n  the  NACA  Hlgh-Speed  Flight  Station  at  Edwards Air Force  Base, 
California. W s e  data,  which  are  for 360° rudder-fixed  aileron  rolls, 
are compared  with  steady-state  solutions  in  figure 18. Three  categories 
of  pilot  acceptability m e  shown: intolerable  (fig.  18(a));  good 
(fig.  L8(b));  and marglnal (fig.  18(c)). 

In the  "intolerable"  plot  (fig.  18(a))  are  the F-102A airplane  at 
one  flight  condition  (curve  A}  and  the F-LOOA small-tail  airplane at two 
flight  conditions  (curves €3 and C) . These  "intolerable"  experiences are 
all characterized  by  having  excessively  large  calculated  steady-state f3 
excursions  over a sizable  roll-rate  region  attainable by the  airplane. 
The good  flight  experience  (fig. 18(b)) have  been  with  the  large-tail 
F-100A airplane  at  two  high-speed  flight  conditions (M = J.20 as& 1.26), 
and  &re  shown  by  curves D and E in  the  figure.  These good experiences 
are  characterized by small steady-state  excursions in the  roll-rate  region 
attainable. The short  vertical  lines  intersecting  the  calculated  steady- 
state  curves  designate  the  average  roll  rate  experienced  during  the par- 
ticular  flight  test.  For  the  two  conditions  shown,  these  roll  rates  are 
well  below  the  critical  rolling  frequency. The marginal  experiences 
(fig.  18(c))  have  been  with  the large-taLlF-100A  airplane  at  three  sub- 
sonic flight conditions (M = 0.70 and 0.93 and altitudes  of 30,000 
and 40,000 feet).  Here,  the  excursions &re relatively  large  (curves F 
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and G) , but  these do not  cover a broad  range of roll  rates  in  the  roll-rate 
region  attainable  by  the  airplane. It should  be  noted  that for curve G, 
the roll rate  experienced was abme the  crltical.  For  the  flight  condition 
at M = 0.93 at 40,000 feet  (curve H), the maximum roll rate  experienced 
during  the  maneuver was on the  border of the  critical  roll-rate  region. 
For this  condition,  the  pilot was able to detect an impendhg undesirable 
condition  and so evaluated  the  flight  experience as marginal. 

In s-, one  can  conclude  that  pilot  opinion is consistent with 
the  steady-state  concept in these  important  respects; all divergent  con- 
ditions  given  by  steady-state  calculations and within  the r o l l i n g  capa- 
bilities  of  the  aircraft  have  been  recognized as unacceptable by the 
pilots; all. gpod condit inna have  been  those  .experienced ak high speeds ." 

where  the  critical r o l l b g  frequencies  are  high, and at r o l l  rates  which 
have  been  appreciably  below  these  critical  frequencies. All marginally 
acceptable  conditions have been  those in which r o l l  rate  either has 
remained  just  below  the  critical  regime  or has passed  unobtrusively 
through  it. . " . - r  

. .. 

.. . 

. .  

These  marginal  cases  could  very  well becme unacceptable for r o l l  
maneuvers  initiated fr.m initial  .conditions other than those shown, since 
the  aircraft  is  rolling  at  rates  in the critical  region  where  initial .. 
angle  of  attack,  inadvertent  elevator  motions; and other  effects  can 
cause an appreciable  change  in -the magnitude of the  actual  excursion 
from trim. * " 

. .. 

C ONC WSI ONS 

An analytical  method has been  developed  herein fo r  use in  analyzing 
the  roll-coupling phenmenop . ms m e t h o d  j". based 0-n" the concept that 
variations  in  the  calculated  steady-state  angle of attack and sideslip 
w i t h  roll rate  give a measure of the  onset md degree af roll  coupling. 
From the  results of comparisons of the  steady-state  values  with  those 
frm five-degree-of-freedom  analog-computer  studies  and  from limited 
flight  data  the  following  conclusions are drawn: .. - 

." "" - -- 

1. The  trends of the maximum angles  of  attack and sideslip a0 
affected by roU rate axe correctly given by  the  eteady-state  method, 
but  the  prediction d" magnitudes af these  quantities  with  sufficient 
accuracy  for laada analysis is not  possible. 

. .  

" 

2. An analysis of the  steady-state equations provides an under- 
standing  of  and a useful guide for determini.pg  the  effects of various 
aerodynamic  and  inertia  parameters  on roll coupling. 

" 

3. The  method  appears  useful  to  define  critical  flight  conditions 
and to  assess  the  merits  of  various  stability  aulgnenters  devised  to 
minimize  roll-coupling  effect 

~. 

" 



4. The method because of the ease and  rapidity with which 
calculations  can  be  &eJ  appears  particularly promising for preliminary 
design work in def- areas in which a complete  simulator study should 
be undertaken. 

Ames Aeronautical Laboratory 
National Advisory Camit tee for Aeronautics 

Moffett Field Calif. Nov. 7 1956 
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The constants a. bo and co of equations ( 6 )  and ( 7 )  are: 
" 
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TABU I.- SUMMARY OF PHYSICAL PROPEFtI'IES AND DEECVATIVES 
FOR TEE F-IOQA ALRpLAmE 

[ A l l  derivatives not listed axe taken 9f; zero] 

ph;ysical fioperties 

I !  

Derivatives 
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TABLE 11. - SUMMARY c[F PHYSICAL PROPERTIES AND DERIVATIVES 
FOR “FIE F-1CQA AIRPIXNE AT M = 0.75 

[ A l l  derivatives not listed axe taken as zero] 

Physical Properties 

Derivatives 

E l  -1.20 
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Figure 1.- system of mea (positive vahes of forces, m e n t s ,  and angles are indlcatea 
by arrows). 

.. 
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Figure 2.-.Typical response of a and p t o  an applied ai leron deflection; 
gravity t e r n  omitted. 
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(b ) Illustrative p, VS. Sass results. 

Figure 3.- Character of results of steady-state  computations. 
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Figure 4. - Time  histories of typical 360' r o l l  maneuver showing value6 
of a and f3 used for cmprning five-degree-oT-freedom analog- 
computer results with steady-state  calculations. 
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Figure 5.- Characteristic trends in ass and p,, due t o  changes in the 
airplane frequency parameters M, and NB. 
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Figure 6. - Continued. 
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Figure 6 .  - Conclu&d. 
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Figure 7.- Effect of nonalignment of principal and flight-path axes for 
the  example aircraft using the simplified steady-state  equations. 
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Figure 8.- Comparison of steady-state results wLth five-degree-of- 
freedom d o g - c m p u t e r  results for the example aircraft  w i t h  
different  alignments of principal and flight-path m e 6 .  
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Figure 8.- Concluded. 
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Figure ILL.- Comparison of steady-state results with five-degree-of-freedom 
analog-computer  results for the example  aircraft with different mounts  
of d8mping in pitch and yaw. 
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Figure 13.-  Steady-state a, B ,  sr, and Oft responses for the example 
aircraft employing two types of stability augmenters. 
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Figure 14.- Comparison of steady-etate results with five-degree-of-freedom 
analog-computer results for the example aircraft with two types of sta- 
bility augmenters. 
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Figure 16.- Results of a perturbation  analysis about the lower s t e w -  
sta.te branch of the roUing  performance curve f o r  the example 
aircraft. - .  . . 
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equations showing the  effects of the derivative C, for the " 
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Figure 18.- Ccrmparison of steady-state  solution with pilot opinion for several airplanes; 
3600 rudder-fixed  aileron ro l l s .  


