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THE EFFECTS OF LATERAL AERODYNAMIC UNCERTAINTIES ON THE HANDLING 
QUALIT IES OF THE SPACE SHUTTLE ORBITER AT MACH 

NUFBERS OF 1.5 AND .6 

Lawrence W.  Brown 

The e f fec ts  o f  aerodynamic uncer ta int ies on the  handling q u a l i t i e s  o f  the  
space shu t t l e  o r b i t e r  were invest igated w i t h  the use o f  s ix-degree-of- freedom, 
nonl inear equations o f  motion on the hybr id  computer system. F l  i g h t  condi t i o n  
charac ter is t i cs  f o r  Flach numbers o f  1.5 and .6 f o r  the nominal and o f f  nominal 
angle of  attack condit ions were selected f o r  t h i s  inves t iga t ion .  Results 
revealed tha t  a t  the low Mach number condi t ion (M = .6) only a few problems 
exis ted f o r  the angle of at tack range and the many combinations o f  la rge  aero- 
dynamic w r i a t i o n s  considered. Moreover, none o f  these problems were consid- 
ered to  be re la ted  t o  poor hand1 ing  qua l i t i es .  For the angle o f  at tack 
condit ions considered a t  the high Nach number ( M  = 1 . 5 ) ,  problems exis ted w i t h  
reduction o f  r o l l  r a t e  which can r e s u l t  i n  r o l l  reversal condit ions. I n  many 
cases, s ides l i p  hecarrie proverse and increased rudder de f lec t ions  and yaw j e t s  
were required. 

INTRODUCTION 

F l i g h t  simulations are necessary i n  the planning and d i r e c t i n g  of f l i g h t  
t es t  programs f o r  experimental and research-type a i r c r a f t .  An accurate simula- 
t i o n  o f  the a i r c r a f t ' s  motion response to  contro l  inputs necessitates a complete 
con~pi l a t i o n  o f  the charac ter is t i cs  o f  the aerodynamic der l  v a t i  ves which are 
ind ica t ive  of the actual a i r c r a f t .  I n  p red i c t i ng  the aerodynamic der ivat ives 
f r o m  wind tunnel resu l ts ,  the accuracy of the pred ic t ion  i s  dependent upon the 
Reynolds number difference between t e s t  condit ions and f l i g h t ;  the ma nu factor^:^ 
d i  fferencc between the model and actual conf igurat ion;  a f t  nominal condi t ions 
such as va r ia t i on  i n  i n g l e  o f  attack and a l t i t ude ;  and ~ t h e r  anaml ies.  It i s  
imporiant tha t  the pred ic t ion  o f  the aerodynamic der ivat ives o f  the space 
shut t le  o rh i  t e r  be even more accurate than most vehicles tested since t h i s  
unpowered a i r c r a f t  w i l l  not  have engines t o  modulate the f l i g h t  condit ions. 

I n  the p i i o t e d  simulat,ion of  the space s h u t t l e  o r b i t e r  f o r  nominal f l i g h t  
condit ions, s t t i s fac to ry  f l y i n g  quzl i t i e s  have been predicted. However, d i f f e r -  
ences i n  the aerodynamic der ivat ives due t o  the reasons above could cause 
s ign i f i can t  discrepancies i n  the pred ic t ion  o f  the o r b i t e r  resTonses. These 
discrepancies cauld requi re a placard on the center-of-gravi  ty pos i t i on  opera- 
t iona l  range. ledd to  contro l  system r a t e  1 i m i  t ing;  cause excessive fue l  usage 
i n  the react ion cnntro l  system (RCS); cause excessive p l l c t  workload; and 
uossibly cause loss of  a i r c r a f t .  



I n  recogni t ion o f  these condit ions , an inves t iga t ion  was undertaken on a  
hybr id computer t o  determine the e f f e c t s  these aerodynamic uncer ta in t ies  would 
have on the handling q u a l i t i e s  o f  the space s h u t t l e  o r b i t e r .  A la rge  number o f  
var ia t ions  i n  the aerodynamic der iva t ives  were appl ied t o  the nominal and off  
nominal f l i g h t  condit ions a t  Mach numbers o f  1.5 and .6. 

SYMBOLS 

The aerodynamic parameters are referenced t o  a  system o f  body axes w i t h  the 
o r i g i n  a t  the vehic le center-of -grav i ty  (Fig. 1).  The pos i t i ve  sense of the 
angles, forces, moments, and angular ve loc i t i es  are a1 so shown. 

*Y 
l a t e r a l  accelerat ion, g ' s  

b  wing span, m ( f t )  

wing mean aerodynamic chord, m ( f t )  

c I r o l l i n g  moment coe f f i c i en t ,  Mxlgsb 

yawing moment coe f f i c i en t ,  Mz/gsb 

s idel force coef f i c ien t ,  Fylgs 

F ,F ,FZ 
X Y  

aerodynamic forces along the x, y, z body axes, n  ( l b )  

9  
2 2 accelerat ion due t o  g rav i ty ,  mlsec ( f t l s e c  ) 

h  a l t i t ude ,  m ( f t )  

1 * I  , I z  
X Y  

moments of i n e r t i a  about the a i r c r a f t  body axes, 
2 2 kg - m (s lug  - ft ) 

I xz product o f  i n e r t i a  about the a i r c r a f t  body axes, 
2 2 kg - m  (s lug  - f t )  

KP1 ,KP2,KP3,KRl l a t e r a l  cont ro l  system gains 
KR2,KR3,KNY ,KJ1 

M Mach number 

aerodynamic moments about the x, y, z  body axes, 
m - n  ( f t  - l b )  

m a i r c r a f t  mass, kg (s lugs)  

P r o l l  r a t e  about the body x axis,  radlsec 



r o l l  r a t e  coamand , radlsec 

a i  1  eron - rudder in terconnect  

p i t c h  r a t e  about the body y  axis,  rad lsec 

2 2 dynamic pressure, N/m ( l b / f t  ) 
2 2 

maximum dynamic pressure, N/m ( I b / f t  ) 

yaw r a t e  about the z body ax is ,  rad lsec 

s t a b i l i t y  ax i s  yaw ra te ,  r - cos o s i n  4 

2 ' wing area, m ( f t " )  

t ime, sec 

2 2 commanded yaw j e t s ,  mlsec ( f t l s e c  ) 

ve loc i t y ,  ni/sec ( f t l s e c )  

a i r p l ane  body axes, o r i g i n  a t  cen te r -o f -g rav i t y  

angle o f  a t tack ,  deg 

t r i m  angle o f  a t tack,  deg 

angle o f  s i des l i p ,  deg 

angle o f  r o l l  , deg 

angle o f  p i t c h ,  deg 

r o l l  con t ro l  i n p u t  6, = ( a  - d )/2, p o s i t i v e  i n  d i r e c t i o n  
e l  e, 

t o  cause p o s i t i v e  r o l l  ra te ,  deg 

commanded r o l l  con t ro l  i npu t ,  deg 

rudder de f l ec t i on ,  p o s i t i v e  d e f l e c t i o n  cause l e f t  yawi 59 
moments, deg 

comnanded rudder de f l ec t i on ,  deg 

l e f t  elevon de f l ec t i on ,  p o s i t i v e  f o r  t r a i l i n g  edge down, deg 

r i g h t  elevon de f l ec t i on ,  p o s i t i v e  f o r  t r a i l i n g  edge down, deg 



DESCRIPTION OF VEHICLE 

Physical  and Control  Charac te r i s t i cs  

The space s h u t t l e  o r b i t e r  (F ig .  2) cons is ts  of a fuselage o f  33.77 m 
(107.53 f t )  i n  length w i t h  a 45O swept wing and a v e r t i c a l  t a i l .  The mass and 
physical  cha rac te r i s t i c s  a re  presented i n  t a b l e  1. The o r b i t e r  i s  a reusable 
space veh ic le  which f l i e s  back from near-ear th  o r b i t  a long a prescr ibed 
t r a j e c t o r y  (F ig .  3)  f o r  an unpowered land ing  a t  a designated a i r f i e l d .  

The o r b i t e r  uses a combination o f  spacecraft and a i r c r a f t  con t ro l  e f f ec to r s .  
A t  low dynamic pressures i t  i s  c o n t r o l l e d  us ing r e a c t i o n  con t ro l  t h rus te r s  ( l i k e  
a spacecraf t ) .  As dynamic pressure b u i l d s  up, there  i s  a gradual t r a n s i t i o n  
from using th rus te rs  for  con t ro l  t o  us ing  the l a rge  aerodynamic surfaces. 

The primary con t ro l  surfaces a re  t he  elevons--def lected symnet r i ca l l y  f o r  
p i t c h  con t ro l  and d i f f e r e n t i a l l y  f o r  r o l l  con t ro l  --and convent ional  rudder f o r  
yaw con t ro l .  The rudder i s  s p l i t  t o  prov ide a speed brake fo r  improved d i r ec -  
t i o n a l  s t ab i  1 i ty (C ) a t  hypersonic/supersonic speeds and energy management (by 

"8 
modulating 1 i f t / d r a g  r a t i o )  i n  the subsonic region. The body f l a p  i s  added t o  
supplement the elevons f o r  p i t c h  con t ro l .  The con t ro l  surface l i m i t s  a re  
presented i n  t ab le  1. 

Lateral Control  System 

I n  t h i s  study on ly  Mach numbers o f  1.5 and lower were considered f o r  which 
the l a t e r a l  con t ro l  system i s  descr ibed i n  f i g u r e  4. I n  the  r o l l  con t ro l  



channel, as depicted i n  the block diagram, the p i l o t ' s  i npu t  from a center 
s t i c k  i s  converted t o  a rol l  r a t e  comnand and sumned w i t h  the s t a b i l i t y  ax is  
rol l  r a t e  t o  create an a i l e ron  conand. The a i l e ron  surface de f l ec t i on  i s  
1 i m i  ted t o  + lo0. The rol l  cont ro l  s ignal  i s  a lso fed t o  the  rudder channel by 
an a i l e ron  - rudder interconnect. 

I n  thc rudder cont ro l  channel the l a t e r a l  accelerat ion i s  f i l t e r e d  and 
combined w i t h  the s t a b i l i t y  ax is  yaw r a t e  t o  form the rudder command. The 
commanded rudder signal i s  fed t o  the yaw j e t s  through an on - o f f  switching 
log ic .  The l og i c  turns two a f t  mounted j e t s  on when the s ignal  equivalent t o  40 
o f  rudder i s  comnanded. The commanded rudder s ignal  i s  a lso combined w i t h  the 
f i l t e r e d  a i l e ron  - rudder interconnect, l i m i t e d  t o  + 22.80, and fed t o  the 
rudder. The l a t e r a l  cont ro l  system gains are  presented i n  t ab le  4. 

TEST PROGRAM 

The o r b i t e r  aerodynamics data o f  December 1975 were used i n  t h i s  ir.vestiga- 
t ion .  These data are based on wind tunnel tes ts  using models by Rockwell 
In te rna t iona l  Space D iv i s ion  w i t h  correct ions f o r  conf igura t ion  changes and 
operational fl i ght condit ions . The force and moment coeff ic ients, as assembled 
by the o r b i t e r  program o f f i c e  (Ref. 1) , are based on the wing reference length 
and area. 

Flying Quality Criteria 

The f l y i n g  q u a l i t y  c r i t e r i a  used i n  t h i s  inves t iga t ion  are t h a t  a 
recommended by Donald C. Cheatham, NASA Manned Spacecraft Center, Houston, TX. 
The vehic le r o l l  accelerat ions and ro l l  r a t e  requirements were a r e s u l t  of 
closed loop entry  guidance and cont ro l  studies de f i n ing  these requirements i n  
order t o  maintain the vehic le t r a j e c t o r y  w i t h i n  acceptable dynanic pressure 
1 i m i  ts .  The r o l l  r a t e  response c r i t e r i o n  used has been defined i n  terms o f  a 
ro l l  r a t e  response envelope and i s  presented i n  f i g u r e  5 f o r  the region o f  
i n t e r e s t  f a r  t h i s  invest igat ion.  The ro l l  r a t e  response due t o  a step ro l l  r a t e  
comnand of 5 deg/sec sha l l  f a l l  w i t h i n  the response envelope presented. I n  
addit ion, the c r i t e r i o n  o f  l i m i t i n g  the s i d e s l i p  t o  less than 20 dur ing a change 
i n  r o l l  a t t i t udes  o f  up t o  + 45O was a lso used. Responses were judged unsat is- 
factory if r o l l  r a t e  was outside the envelope o f  f i g u r e  5 and/or the sides? i p  
was greater than ZO. 

Flight Conditions 

F l i g h t  condi t ian charac ter is t i cs  for  Mach numbers o f  1.5 and .6 were 
obtained f o r  the proposed nominal t ra jec to ry ,  f igure 3. O f f  nominal condi t ions 
were computed f o r  the proposed maximun t r i m  at uncer ta in t ies  o f  i 4O. The 
cond i t ion  at = -4' could not  be obtained because o f  the l i m i t s  on the maximum 



dynamic pressure (qm = 400 1b / f t 2 )  i n  the hybr id  computer program. To provide 

as la rge  a  va r ia t i on  o f  angle o f  at tack as possib le wi thout  exceedin the 8 dynamic pressure l i m i t  o f  the program, angles o f  at tack o f  3.5 and 3  were 
chosen for the lower boundary off nominal f l i g h t  cond i t ion  f o r  Mach numbers 
o f  1.5 and .6, respect ively.  The f l i g h t  cond i t ion  charac ter is t i cs  f o r  the 
nominal and o f f  nominal t r i m  angles of at tack are presented i n  tables 2 and 3. 

Aerodynamic Uncertainties 

Var iat ion between wind tunnel and f l i g h t  aerodynamic der iva t ives  has been 
noted i n  e x i s t i n g  a i r c r a f t ;  and, i n  many instances the d i f ferences are q u i t e  
subs t a n t i  a1 as indicated by Major General Thomas S ta f fo rd  (AFFTC/Doy ) and 
J. Wiel (DFRC). These d i f ferences coula cause s t a b i l i t y  and contro l  problems 
and are, therefore, a  ccncern i n  evaluat ing the  handl ing q u a l i t i e s  o f  the space 
shu t t l e  o rb i t e r .  

Wind tunnel and f l i g h t  der iva t ives  were cor re la ted  f o r  a  l a rge  number o f  
vehicles; and, a  comparison o f  maximum var ia t ions  i n  the der iva t ives  f o r  conven- 
t i o n a l  a i r c r a f t  and 1  i f t i n g  bodies was obtained. Based on s t a t i s t i c a l  consider- 
at ion,  the range o f  uncer ta int ies i n  aerodynamic der iva t ives  was established. 
The recommended increments o f  the l a t e r a l  de r i va t i ve  are presented i n  t ab le  4. 

A la rge  number o f  var ia t ions,  i n  s ing le  and m u l t i p l e  combinations, were 
made i n  the aerodynamic de r i va t i ve  f o r  the augmented conf igurat ion.  The 
responses were viewed on a CRT screen and the ones of i n t e r e s t  were recorded on 
a  s t r i p  char t  recorder. The var ia t ions  included w i t h i n  these recorded cases are 
of the same ma n i tude as the predicted uncer ta int ies of t ab le  5 i n  many cases; 
i n  some cases 9 i .e. , B der ivat ives) ,  the var ia t ions  are as l a rge  as 200 percent 
3f the predicted uncer ta int ies.  It was discovered t h a t  l a rge  var ia t ions  i n  the 
ro tary  and s i d e s l i p  der ivat ives alone have very l i t t l e  e f f e c t  on the responses. 
The s j d e s l i p  der ivat ives showed some s ign i f i cance i n  combinations w i th  the 
contro l  der ivat ives and are, therefore, included i n  the cases o f  i n te res t .  A 
compi 1 a t i on  o f  the selected cases o f  aerodynamic de r i va t i ve  incremental changes 
i s  presented i n  tab le  6. The basic and resu l tan t  (addinq the v a r i a t i o n  i n  
tab1 e 6)  values of the aerodynamic charac ter is t i cs  f o r  the conf igurat ions 
invest igated are presented i n  t ab le  7. Table 7 a lso summarizes the r e s u l t s  o f  
each conf igurat ion tested. 

RESULTS AND DISCUSSION 

Unaugmented Configurat ion 
I 

A d i g i t a l  computer program was used t o  compute the l a t e r a l  response f o r  a  
negative 20 a i l e ron  i npu t  for the unagumented o r b i t e r  a t  Mach numbers 1.5 and .6 
f o r  the nominal angles o f  at tack (a = 6.7O and u = 4.4O) and the o f f  nominal 
angles o f  at tack (a = 3.S0 and a = 3.0~ f o r  the lower boundary; o = 10.8O and 
a = 8.5O f o r  the upper boundary), respect ively,  t o  i l l u s t r a t e  the need fo r  
s tabi  1  i t y  augmentation. The unagumented o r b i t e r  responses a t  Mach 1.5 show a  



tendency f o r  a r o l l  reversal  condi t ion a t  the higher angle o f  at tack (a = 10.80) 
w i t h  a la rge  adverse s i d e s l i p  ( B  > 2'). f i gu re  6. There i s  an appreciable 
amount o f  i n te rac t i on  between the Dutch r o l l  and s p i r a l  modes. The r o l l  r a t e  
and the s i d e s l i p  suggest d i f f i c u l t y  i n  contro l  l i n g  the bank angle a t  the three 
angles o f  attack. 

A t  Mach number .6, the response shows t h a t  f o r  the lower angles o f  at tack 
(CY = 3.00 and a = 4.4O) the r o l l  r a t e  reaches 35 deg/sec i n  less than f i v e  
seconds w i t h  proverse s i d e s l i p  o f  about 2O, f i g u r e  7. 

Augmented Configurat ion 

A hybr id computer system was programed w i t h  six-degree-of-freedom, 
nonl inear equations of  motion t o  inves t iga te  the e f fec ts  o f  the aerodynamic 
uncer ta int ies on the f l y i n g  qua1 i t i e s  o f  the augmented o r b i t e r .  The conf igura- 
t i o n  was augmented w i t h  the l a t e r a l  cont ro l  system o f  1975, f i g u r e  5. Time 
h i s t o r y  responses are obtained f o r  a r o l l  r a t e  command o f  5 deg/sec f o r  the 
nominal and o f f  nominal angle o f  at tack condit ions. For the  Mach number and 
angle of at tack condit ions considered, the responses show the r o l l  r a t e  i s  
t yp i ca l  o f  a f i r s t  order system, f i g u r e  8. S ides l ip  angles are small (6 < .5O). 
A t  the higher angle o f  at tack condit ions (a = 10 .8~  and a = 8.5O f o r  M = 1.5 and 
M = .6, respect ive ly)  there i s  an increase i n  the  a i l e ron  and rudder def lect ions.  
A t  Mach 1.5, the ro l l  r a t e  response suggests sluggishness f o r  the higher angle 
of attack condit ion. 

Variat ions i n  A i  1 eron and Rudder Der ivat ives 

The responses f o r  the conf igurat ions invest igated i n  the study (Table 7) 
were compared t o  the responses of the augmented vehicle, f i g u r e  8. 

The e f fec ts  o f  the a i l e ron  and rudder contro l  de r i va t i ve  uncer ta in t ies  are 
presented i n  f i gu re  9. Configurat ion 1, f i g u r e  9a, shows a reduced r o l l  r a t e  
w i th  some accelerat ion. Further reduct ion i s  seen i n  the r o l l  r a t e  w i t h  an 
increase i n  proverse s ides l  ip ,  a i leron,  and rudder de f l ec t i on  w i t h  an increase 
i n  angle of attack (compare Fig. 9a, a = 6.7O, a = 10.8O). Reversal o f  the r o l l  
r a te  command increases the demand f o r  rudder de f l ec t i on  which requires ac t iva-  
t i o n  o f  the yaw je t s ,  as ind icated by the data i n  the rudder channel a t  the 
higher angles o f  attack. 

Configurat ion 2, f igure 9b, shows only  small o r  no effects on the response 
due t o  aerodynamic uncer ta int ies a t  the low angle of attack. For conf igura t ion  
2c (compare Fig. 9b, CI = 8.50), s idesl  i p  becomes proverse and the demand on the 
rudder de f l ec t i on  requires yaw j e t  a c t i v i t a t i o n  w i t h  r o l l  r a t e  comnand input .  
There i s  also an increase i n  yaw j e t  a c t i v i  t a t i o n  w i t h  reversal o f  the command. 
For conf igurat ion 3, f igure 9c, an unsat isfactory cond i t ion  ex i s t s  a t  the  lower 
angle o f  at tack (3a, n = 3.5O). Even before the r o l l  r a t e  command inpu t  was 
applied, a r o l l  r a t e  developed, i .e., the vehic le began t o  r o l l  vo lun ta r i l y .  
This i s  why there i s  an i n i t i a l  r o l l  r a t e  when the cont ro l  input  was applied. 
Upon app l ica t ion  o f  the contro l  input,  the r o l l  r a t e  s t a r t s  i n  the r i g h t  
d i rec t i on  bu t  immediately turns around i nd i ca t i ng  a r o l l  reversal condi t ion.  



Configurat ion 3b (a = 6.7O) shows a  reduct ion i n  the r o l l  rate, compared w i t h  
f i gu re  8, w i t h  some o s c i l l a t i o n  and proverse s ides l i p .  With reversal o f  the 
r o l l  r a t e  comnand, rudder de f lec t ions  increase and the yaw j e t  a c t i v a t i o n  i s  
required. For conf igurat ion 3c, (a = 1 0 . 8 ~ ) .  rudder demand i s  high requ i r i ng  
yaw j e t s  w i th  i n i t i a l  r o l l  rcite command input .  With the reversal o f  the conmand, 
s ides l i p  i s  large ( 6  2O) and the rudder de f lec t ions  become excessive ( 6 r  > lo0)  
w i th  increased yaw j e t  a c t i v a t i o n  required. 

For conf igurat ion 4, f i gu re  9d, only a l i t t l e  change from f i g u r e  9b i s  
rtT:tmd . ~ t  the high angle o f  at tack ( a  = 8.50) where the rudder de f l ec t i on  
i ~~c::*tiui-.c~ requ i r ing  the yaw je t s .  

A i l e r m  and rudder s ideforce uncer ta in t ies  were considered along w i t h  the 
ro l l i ng  and yawing moments f o r  the high Mach number and are presented i n  
figure IG. Configurat ion 5a, (a = 3.50) f i gu re  10a, shows a  s l i g h t  increase i n  
tfie ro'!f rate,  compared t o  f i g u r e  8, w i t h  some o s c i l l a t i o n  and a  small proverse 
sidesl i p .  For conf igurat ion 5b (a  = 6.70) the yaw j e t s  were no t  allowed t o  
f i r e .  For t h i s  conf igurat ion there i s  an increase i n  r o l l  r a t e  osc i l l a t i ons ,  
proverse s ides l i p  and rudder def lect ions.  Upon reversal o f  the comnand, there 
i s  an increase i n  s ides l i p  ( 6  = l o )  and rudder de f lec t ions  (6 r  2 6O). For 
conf igurat ion 5c (a  = 1 0 . 8 ~ )  w i t h  r o l l  r a t e  comnand input ,  s idesl  i p  increases 
and the demand f o r  rudder def lect ions greater than 40 requires yaw je ts .  Upon 
reversal o f  the command, la rge  rudder de f lec t ions  are required ( 6 r  > SO) along 
w i th  the yaw j e t  ac t i va t i on  and s i d e s l i p  i s  l a rge  ( B  = 1.80). 

For conf igurat ion 6, f i gu re  lob, compare w i t h  f i g u r e  8a, there i s  a  
reduction i n  the r o l l  r a t e  w i th  some o s c i l l a t i o n  a t  the lower angle o f  at tack 
( 3  = 3.5O). Configurat ion 6b shows an unsat is factory cond i t ion  i n  which r o l l  
r a te  has been reduced t o  zero. The vehic le would not  r o l l  w i t h  almost constant 
a i l e ron  and rudder de f lec t ion  f o r  t h i s  r o l l  r a t e  comnand input .  Configura- 
t i o n  6c ( a  = 10.80) would be unsat is factory i n  r o l l  because o f  the reduced r o l l  
ra te.  There i s  an increase i n  a i l e ron  and rudder de f l ec t i on  w i t h  reversal o f  
the r o l l  r a t e  command. 

Var iat ion i n  A i  1  eron, Rudder, and Sides1 i p  Derivat ives 

The s ides l i p  der iva t ive  uncer ta int ies had l i t t l e  o r  no e f f e c t  on the 
l a t e r a l  responses alone; therefore, they were included w i t h  the a i l e ron  and 
rudder der iva t ive  uncer ta int ies and are presented i n  f igures 11 and 12. 
Configurat ion 7, f i gu re  I l a ,  shows an increase i n  s i d e s l i p  o s c i l l a t i o n s  and 
rudder def lect ions w i th  yaw je t s  required as angle o f  at tack increases. For 
conf igurat ion 7c (a  = 10.8O), the demand on the rudder de f l ec t i on  i s  excessive 
(6 r  . 11') w i t h  added requirement on the yaw j e t s  and an increase i n  s i d e s l i p  
w i th  osc i l l a t i ons .  The r o l l  r a t e  shows only a  small change from the augmented 
condit ions (Fig. 8a). 

Conf igurat ion 8, f i gu re  l l h ,  shows only  a  s l i g h t  increase i n  the r o l l  ra te ,  
s idesl  i p, and rudder def lect ions , compared t o  f i gu re  8b. The aerodynamic 
uncer ta int ies have very 1  i ttl e  e f f e c t  on the response f o r  t h i s  condi t ion.  



The sideforce dwivstives were considered along with the rolling and 
yawing moment derivative: and the results are shown in figure 12. For 
configuration 9a, (a  = 3.5O) figure 12a, the roll rate i s  reduced with roll 
reversal tecdencies and proverse sideslip for an unsatisfactory condition. 
The aileron and rudder deflections are almost constant. Configuration 9b 
(a = 6.7O) shows sidesl ip and rudder deflection increases requiri ng yaw je t s  
with roll rate command inputs. Upon reversal of the comnand, sidesl i p  and 
rudder deflection became large ( 0  = ZO, Sr > 8O) increasing the requirements 
for yaw jets .  Configuration 9c (a  = 10.8O) shows an unsatisfactory condition 
where the sideslip indicates an  aperiodic mode. Roll rate i s  reduced with roll 
reversal tendencies and rudder deflection increases . Upon reversal of the 
command, roll rate i s  nulled, the rudder deflection i s  divergent, and the 
sidesl ip is  1 imi ted. 

Configuratior! 10, figure 12b, stlows l i t t l e  or no effect due to aerodynamic 
uncertainties. Configuration 11, figure 1 Zc, shows unsatisfactory responses 
for a l l  three angles of attack. The roll rate i s  restrained with constant 
aileron and rudder deflections a t  the lower angle of attack (a = 3.5O). The 
sideslip, the reduced roll rate with roll reversal tendencies, and the 
divergent rudder deflections indicate an aperiodjc mode for the higher angles 
of attack (a = 6.70 and a = 10.8O). 

COfiCLUDI N G  REMARKS 

The effects of aerodynamic tincertainties on the handling qualities of the 
space shuttle orbiter were invcst i~ated with the use of six-degree-of-freedom, 
nonl i near equations of aotion on a hybrid computer system. Flight conditions 
characteristic of Mach numbers of 1.5 and .6 for the nominal and off nominal 
angle of attack conditions ( a ' s  = 3.5', 6.7', 10.8' and a ' s  = 3.0°, 4.4', 8.5', 
respectively), were selected for this investigation. Results revealed that a t  
the low Wch number condition ( M  = .6) only a few problems exist  (i.e.! 
existenie 01. proverse sideslip and an increase in rudder deflection which 
required the yau je ts)  for the angles of attacr, and the combinations of large 
aerodynamic variations considered , b u t  n o t  any that would be considered 
unsatisfactory. A t  the higher Mach number ( M  = 1.5) and angle of attack condi- 
tions considered. problems resulted from various cases of reduced roll ra te ,  
1 arge value of proverse sidesl ip, and increased rudder deflections and yaw j e t  
activitation with ini t ia l  roll rate command inputs. Unsatisfactory conditions 
exist  consisting of roll reversal problems and increased proverse sidesl ip  in 
addition to  long periods of large rudder deflections requiring extended use of 
the yaw jets. There seemed t o  be an aperiodic mode developing in some 
instances. 
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Table 1. Space S h u t t l e  O r b i t e r  Mass and Physical  Charac te r is t ics  

I !/eight, N ( l b )  

c . g . ,  percent body length  

I Moments of  i n e r t i a  I 

Span, m ( f t )  

2 ' Area, m ( f t " )  

I Cord, m ( f t )  

Surface Def lec t ion  Lirni t s  

Elevons , deg -35 ,  +20 

Rudder, d e ~  -228, +22.8 

Speed Grakes, deg -87.2,  0 

Body Flaps,  deg -11 .7 ,  +16.3 
-- 



Table 2. F l i g h t  Conditions Charac ter is t ic  f o r  Mach Number 1.5 

3 - 
h, ft 

- 
V ,  f t / sec  

6, #/ft2 
- 

a,  deg 

8, deg 

C i g ,  per rad 
.- 

C l p ,  per rad 

50,000 

1,452.1 

383.68 

3.5 

-19.5 
-- 

- .0875 

-. 293 

62,000 

1,529.56 

239.86 

6.7 

-6.68 
- 

- .087 

- .284 

Clr .  per rad 

CnB , per rad 
~. 

Cnp , per rad 

Cnr ,  per rad 

Cys , per rad 

C, 6a. per rad 

C, 6i per rad 
--- 

Cndd Per rad 
. -  - 

c,,; per rad 

70,000 

1,456.35 

147.62 

10.8 

-8.24 

- .08&3 

- .307 

.I15 

,019 

.I03 

.0375 
-- 

.I58 

- ,453 
-- 

- ,955 

.0897 

- 

.034 

- ,0036 
. ------ -- 

- .059 

- ,0183 

.I38 
- 

.00619 

.- - - - .- 

,133 

- .433 

- .946 
- 

.081 

- 
,031 

.008 

-- 

- .056 
- 
- .018 

--- - 
.I03 

~- - 
,113 

- .384 

- .96E 

.0841 

.33[17 

. 008 

- .055 

-.01445 

-- 
.lo14 

# 



Table 3. F l i g h t  Conditions C h a r a c t e r i s t i c  f o r  Mach Number .6 

- 

h,  ft 

V ,  f t l s e c  

9, # l f t  
2 

a ,  deg 
- 

0 ,  deg 

c , ~ ,  p e r r a d  

C,p,  p e r r a d  
-- 

c p e r r a d  
----- 

c , ~ .  per rad 

t , per rad 
P 

, ,  per rad  

Cy,. Per rad 
- .  

C,6a,   erra ad 
---- 

, per rad  

-- 

C n s i  Per ~ a d  
.- 

cn6; Per *ad 

cyd; Per *ad 

-- 

CY6+ per  rad  
- 

9,000 

648.82 

381 .257 

3.0 

-19.3 

- .077 

-. 277 

,144 
-- 

.I09 

18,000 

627.08 

33,000 

589.13 

.I59 

-.305 

-1.081 

.225 

.044 

.034 

~- --- 

.I88 

-.I80 

---- 

266.484 

4.4 
.-- - 

-18.7 

- .093 

- .282 

,153 

.095 

- .263 

-1 .I35 

.210 

.047 

.05; 

j 138.234 

8.5 
- 
-13.8 

-.I23 

- .309 

.I79 

.09 

-- 

- .262 

-1.125 

.215 

-- 
.046 

.031 

- .082 
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p, 
deg sec 

Time. t, sec 
( a )  Mach number 1 . 5  

Figure 6 . -  Response for  the unagumented space s h u t t i e  o r b i t e r  for 
a two degree a i l eron  input.  
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Figure 6 .  Concluded. 
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Figure 7.- Response for the unawented  s p e e  shut t le  orbi ter  for 
a two degree ai leron input. 
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Figcre 7. - Concluded. 
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Figure 8.- Response for the augmented space shuttle orbiter for 
a five deg/sec ro l l  rate command. 
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