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Extensive wind tunnel tests were conducted to establish the preflight aero- 
dynamics of the Shuttle vehicle. The vehicle was designed and built using this 
data. In an effort to verify the preflight aerodynamics, a flight test program was 
established. Maneuvers were made and data taken at various angles-of-attack and 
Mach numbers throughout the descent flight envelope. 

This paper presents the longitudinal short period aerodynamics of the space 
shuttle Columbia as determined from flight test data. These flight-determined 
results were compared with the preflight predictions. In spite of the scatter in 
the flight-determined parameters, the general trends of the parameters with Mach 
number led to the conclusion that with the exception of the control effectiveness in 
the vicinity of Machol, the preflight predictions were representative of the 
vehicle's short-period aerodynamics. The pitch RCS was found to be more effective 
than predicted. 
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The Space S h u t t l e  veh ic l e  has received one of the  most ex tens ive  p r e f l i g h t  
a n a l y s i s  of any a i r c r a f t  t h a t  has  ever  flown. Thousands of wind-tunnel hours went 
i n t o  its development and refinement.  The d e s c r i p t i o n  of t he  S h u t t l e  aerodynamics 
t h a t  r e s u l t e d  from the  wind-tunnel tests and the  a n a l y t i c a l  s t u d i e s  is a d e t a i l e d  
d e s c r i p t i o n  of the  aerodynamic c h a r a c t e r i s t i c s  of t he  S h u t t l e  veh ic l e  over a f l i g h t  
envelope covering a Mach number range from 27 t o  0 ( r e fe rence  1). In  an e f f o r t  to 
v e r i f y  t h e  p r e f l i g h t  aerodynamics, a f l i g h t  test program w a s  e s t ab l i shed .  The 
program was planned as an on-going process based on t h e  a n a l y s i s  of measurement d a t a  
from each succeeding f l i g h t .  Since only a l i m i t e d  number of maneuvers could be 
performed during a given S h u t t l e  descent ,  t hese  were planned t o  examine d i f f e r e n t  
a s p e c t s  of t he  S h u t t l e  aerodynamics s o  t h a t  as much of t he  f l i g h t  envelope as 
p o s s i b l e  could be v e r i f i e d .  

The d i f f i c u l t y  with t h i s  plan-of-attack was  t h a t  t he  types of maneuvers t h a t  
cou ld  be performed, wi th in  the  c o n s t r a i n t s  of s a f e t y  and t h a t  were allowed by t h e  
S h u t t l e  f l i g h t  c o n t r o l  system, were not t h e  bes t  maneuvers f o r  i d e n t i f y i n g  t h e  
S h u t t l e  aerodynamic parameters.  However, s i n c e  t h e  maneuvers t h a t  were a l lowable  
r ep resen t  t h e  only d a t a  a v a i l a b l e  f o r  a n a l y s i s ,  each d a t a  set was examined i n  
extreme d e t a i l .  The ma jo r i ty  of t he  r e s u l t s  shown he re in  were obtained by 
process ing  t h e  test maneuvers with a Maximum Likel ihood parameter e x t r a c t i o n  
program. Also, where appropr i a t e ,  s e l ec t ed  runs were examined using a n a l y t i c a l  
t echniques .  When these  mul t ip l e  analyses show similar r e s u l t s ,  t h e  confidence i n  
t h e  va lues  determined is increased  . 

T h i s  paper w i l l  r ep resen t  the  results of ana lyz ing  the  l o n g i t u d i n a l  maneuvers 
from f i v e  Columbia f l i g h t s .  These r e s u l t s  w i l l  be compared with those  of 
r e f e r e n c e  1, and the  imp l i ca t ions  and s i g n i f i c a n c e  of any d i f f e r e n c e s  w i l l  be 
d i scussed .  Also, comments w i l l  be made as t o  t h e  confidence i n  the  parameter va lues  
obta ined  . 
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S u b s c r i p t s  : 

C 

K 

m 

0 

t 

RCS 

AERO 

I 

Supe r sc r ip t s :  

-1 

T 

M 

0 

A 

computed 

index 

m e  a s  ured 
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fo rces  i n  moments due t o  Reaction Control  System (RCS) 

moments due t o  aerodynamic parameters 

i n e r t i a l  moment 

i n v e r s e  ma t r ix  

t r anspose  matr ix  

measured quan t i ty  

nominal eva lua t ion  

es t imated  va lue  

A do t  over a symbol s i g n i f i e s  a d e r i v a t f v e  with r e spec t  t o  time. 

TEST VEHICLE 

The o r b i t e r  conf igu ra t ion  is shown as f i g u r e  1, and key phys ica l  cha rac t e r i s -  
tics are g iven  i n  Table I .  The th ick ,  double d e l t a  wing i s  configured with f u l l  
span e levons ,  comprising t w o  panels  per s ide .  Each elevon panel is independent ly  
ac tua t ed .  
p i t c h  c o n t r o l  and l e f t  and r i g h t  elevons are d e f l e c t e d  d i f f e r e n t i a l l y  as an a i l e r o n  

A l l  f ou r  panels  are de f l ec t ed  symmetr ical ly  as an e l e v a t o r  (6,) f o r  

for r o l l  con t ro l .  

The body f l a p  is used as t h e  primary l o n g i t u d i n a l  t r i m  device.  The elevons a r e  
programmed t o  fo l low a set  schedule  with t h e  body f l a p  d e f l e c t i o n  t o  provide a 
d e s i r e d  a i l e r o n  e f f e c t i v e n e s s .  

The v e r t i c a l  t a i l  c o n s i s t s  of the f l n  and s p l i t  rudder.  The rudder p a n e l s  are 
d e f l e c t e d  together f o r  yaw c o n t r o i  and are separa ted  t o  act a s  a speedbrake (6sB) 
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t o  provide f o r  subsonic  energy modulation. The speedbrake opens f u l l y  (87.2 
degrees)  j u s t  below Mach 10 and then fol lows a predetermined schedule  u n t i l  Mach 0.9 
is  reached. The rudder is not a c t i v a t e d  u n t i l  u n t i l  Mach 3.5. 

S t a b i l i t y  augmentation i s  provided by the  a f t  r e a c t i o n  c o n t r o l  s y s t e m  (RCS) 
j e t s ,  w i t h  the forward j e t s  reserved f o r  on-orbit  a t t i t u d e  c o n t r o l  and f o r  a b o r t s .  
The a f t  yaw j e t s  a r e  a c t i v e  u n t i l  Mach 1,  while  t h e  p i t c h  and r o l l  je ts  are t e r m i -  
nated a t  dynamic pressures of 20 and 10 ps f ,  r e spec t ive ly .  Addi t iona l  d e t a i l s  on 
t h e  S h u t t l e  veh ic l e  and i t s  sys t ems  a r e  given i n  r e f e rence  1. 

During STS-2 through 5 and STS-9, s p e c i a l l y  designed maneuvers were performed 
1 t o  ob ta in  da t a  f o r  use  i n  t h e  parameter e x t r a c t i o n  programs. These maneuvers were 

performed t o  ob ta in  data  a t  s p e c i f i c  po in t s  during the  descent  t r a j e c t o r y .  The test 
p o i n t s  were chosen s o  tha t  aerodynamic parameters could be determined along t h e  
descent  t r a j e c t o r y  t o  v e r i f y  the  aerodynamic model obtained from the  wind tunnel  
tests.  This v e r i f i c a t i o n  procedure w i l l  add confidence t o  the  assumed aerodynamics 
of t he  S h u t t l e  where there  is agreement and w i l l  po in t  t o  areas of p o t e n t i a l  
inaccuracy where t h e r e  is no agreement. 

The a c t u a l  forms of t he  inpu t s  t o  be performed were developed using a S h u t t l e  
s imula t ion  t o  gene ra t e  responses f o r  var ious  i n p u t s  and then e x t r a c t i n g  parameters  
from these  responses .  The c o n t r o l  i npu t s  t h a t  gave the  bes t  d e f i n i t i o n  of t h e  
parameters of i n t e r e s t  were then used f o r  t he  f l i g h t  tests. I n  s p i t e  of t he  care 
taken t o  des ign  e f f e c t i v e  inpu t s ,  s i n c e  the  automatic  c o n t r o l  sys t em was  a c t i v e ,  t h e  
c o n t r o l s  w e r e  coupled and t h e  r e s u l t i n g  responses w e r e  reduced i n  magnitude and 
c o r r e l a t e d  with each other  and the  c o n t r o l  i npu t s .  This l e d  t o  i d e n t i f i a b i l i t y  
problems and c o r r e l a t i o n  of parameters during t h e  e x t r a c t i o n  process.  Addi t iona l  
d e t a i l s  on the  maneuver des ign  a r e  given i n  r e fe rence  2. 

I N S T R ~ A T I O I V  AloD DATA PBOCESSING 

I A s  a development veh ic l e ,  t h e  S h u t t l e  is f u l l y  instrumented and has a number of 
redundant systems f o r  measuring var ious  veh ic l e  states and c o n t r o l s .  Three i n s t r u -  
ment packages w i l l  be mentioned s p e c i f i c a l l y .  F i r s t  is the  Aerodynamic Coef f i c i en t  
I d e n t i f i c a t i o n  Package (ACIP), an ins t rumenta t ion  package s p e c i f i c a l l y  designed t o  
measure ra tes ,  a c c e l e r a t i o n s  and c o n t r o l  su r f ace  p o s i t i o n s  requi red  f o r  parameter 
i d e n t i f i c a t i o n .  The ACIP d a t a  were recorded a t  172 samples-per-second. Second i s  
t h e  in s t rumen ta t ion  f o r  t h e  f l i g h t  guidance and c o n t r o l  system (RGA, AA) which is  a 
source  f o r  a c c e l e r a t i o n  and rate measurements. The RGA, AA d a t a  were recorded at 25 
samples-per-second, but are very noisy.  The t h i r d  source of f l i g h t  measurements is 
the  naviga t ion  ins t rumenta t ion  (IMU). The IMU measurements are high f i d e l i t y ,  bu t  
are  only recorded a t  one sample-per-second, which l imi t ed  t h e i r  usefu lness .  

i 

With t h e  except ion of STS-2, where d a t a  w e r e  not  a v a i l a b l e  because of a 
recorder  f a i l u r e ,  t h e  ACIP d a t a  were the  primary source f o r  t h e  l i n e a r  and angular  
a c c e l e r a t i o n s ,  angular  rates, and c o n t r o l  s u r f a c e  d e f l e c t i o n s .  The RCS chamber 
p re s su res  were used t o  determine the  j e t  t h r u s t ,  and these  measurements came from 
t h e  veh ic l e  ope ra t iona l  ins t rumenta t ion .  

The da ta  considered most r e l i a b l e  were used t o  gene ra t e  a b e s t  es t imated 
t r a j e c t o r y  (BET) f o r  the S h u t t l e  vehic le .  The d a t a  put on t h e  tapes  prepared f o r  
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parameter e x t r a c t i o n  c o n s l s t e d  of only those  maneuvers considered appropr i a t e  f o r  
e x t r a c t i o n .  The l i n e a r  and angular  a c c e l e r a t i o n s ,  angular  rates and c o n t r o l  s u r f a c e  
d e f l e c t i o n s  came from t h e  ACIP inst rumentat ion except f o r  STS-2 where a combination 
of IMLl and RGA, AA d a t a  was used. The BET angular  rates and l i n e a r  a c c e l e r a t i o n s  a t  
t h e  start of a maneuver were taken as i n i t i a l  c o n d i t i o n s ,  and the  rates and 
a c c e l e r a t i o n s  were i n t e g r a t e d  over time t o  ob ta in  angu la r  p o s i t i o n s  and v e h i c l e  
v e l o c i t i e s ,  The v e l o c i t i e s  were then co r rec t ed  f o r  the e f f e c t  of winds and t h e  
r e s u l t i n g  components were used t o  c a l c u l a t e  t he  v e h i c l e  t o t a l  v e l o c i t y ,  angle- 
o f - a t t ack  and angle-of-s idesl ip .  This combined d a t a  set comprises the  d a t a  
contained on the tape t o  be processed by the  parameter e x t r a c t i o n  program, and is 
recorded a t  25 samples-per-second. Addit ional  d e t a i l s  on the  in s t rumen ta t ion  and 
d a t a  processing can be found i n  references 3, 4 ,  and 5 .  

EXTRACTIOA IYETEODS 

S e v e r a l  methods were used t o  estimate s t a b i l i t y  and c o n t r o l  parameters using 
t h e  f l i g h t  test da ta .  These were a maximum l i k e l i h o o d  technique descr ibed i n  
r e f e r e n c e  6, a r e g r e s s i o n  technique descr ibed i n  r e fe rence  7, and two a n a l y t i c a l  
techniques desc r ibed  i n  r e fe rences  8 and 9. The Maximum Likelihood technique 
u t i l i z e s  t h e  log-l ikel ihood func t ion  

n i  - log 
T R-l 1 J ( e )  = - -  2 1 

where 

w i t h  zi t h e  measurement vec to r  and y i  t h e  output  v e c t o r  which comes from 
x=f(x,  U, 0, t) and y=g(x, U, 0 ,  t). 
a Gaussian d i s t r i b u t i o n  and the r ep resen ta t ion  x=f(x,  U, 0 ,  t) is  assumed t o  
a c c u r a t e l y  r e p r e s e n t  t h e  physical  system. The unknowns t o  be est imated are t h e  
elements  of 8 and R. Minimizing J with r e s p e c t  t o  R, 

I n  t h e  above equat ion n i  i s  assumed t o  have 

I T 
N € 1  

= d iag  - 7 n n 

is ob ta ined ,  The estimates f o r  the parameters a r e  obtained €rom t h e  equa t ion  

which r e s u l t s  i n  

y i e l d i n g  t h e  parameter estimates 8=8o+A8 . 
The r e g r e s s i o n  technique u t i l i z e s  the  c o s t  f u n c t i o n  
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where r i n d i c a t e s  t he  r t h  s ta te  equat ion.  The estimates 
, 

aJr 

r 
are obtained from t h e  equat ion  - = 0 which r e s u l t s  i n  a e  

of the  unknown parameters 

l 2  
. 

where mat r ix  x i  includes measured s ta tes  and output  v a r i a b l e s  (assumed no i se  
f r e e ) .  Another f e a t u r e  of t h e  s tepwise  r eg res s ion  program i s  t h a t  i t  estimates t h e  
parameters according to  the percent  of t he  v e h i c l e  motion explained by t h a t  p a r t i c -  
u l a r  parameter ,  i d e n t i f y i n g  the  most important parameters i n  the  mathematical  model. 
The parameter importance f e a t u r e  has worked reasonably w e l l  f o r  t he  S h u t t l e  d a t a ,  
but  because of the  reduced s ignal- to-noise  r a t i o  of the  f l i g h t  d a t a ,  t h e  parameters 
e x t r a c t e d  using the  regress ion  program were biased i n  many cases. 

Two a n a l y t i c a l  techniques were used t o  supplement t he  a n a l y s i s  of t h e  S h u t t l e  
d a t a  us ing  t h e  e x t r a c t i o n  computer programs. One a n a l y t i c a l  technique w a s  used to  
determine the  long i tud ina l  s t a t i c  parameters. Assuming t h a t  angular  rates were 
c o n s t a n t ,  - -c 6 

cmla m 6e e 

and 

a - Cz &e W 

&e = qs z 

(where (&, CL and the  s t a t e s  are determined f o r  a p a r t i c u l a r  angle-of-attack 
(a)) were used t o  c a l c u l a t e  C, and CL f o r  s p e c i f i c  angle-of-at tack values .  
as angle-of-at tack va r i ed ,  so did C, and CL. These v a r i a t i o n s  were used t o  
c a l c u l a t e  ACm/Aa  and A C L / A a .  

Then 

Another a n a l y t i c a l  technique used was d e t e r m i n i s t i c  a n a l y s i s .  The form of t h e  
equa t ion  used is: 

I Vehicle  t o t a l  moment = RCS moment + aerodynamic moment + unmodeled moment. 

The d e t e r m i n i s t i c  equat ions can be w r i t t e n  for  moments about any of t he  veh ic l e  body 
axes.  The r e l a t i v e  magnitudes of t he  terms t h a t  make up the  aerodynamic moments 
i n d i c a t e d  which of t he  aerodynamic parameters have t h e  most i n f luence  on t he  v e h i c l e  
t o t a l  moment. The ex ten t  of the  match of shape and magnitude between t h e  aero- 
dynamic moment and the  veh ic l e  t o t a l  moment is an i n d i c a t i o n  of how w e l l  t he  assumed 
mathematical  model w i l l  r epresent  t he  measured v e h i c l e  motion. 

EQUATIONS OF MOTION 

The equat ions  used i n  t h i s  program are p e r t u r b a t i o n  equat ions  from trimmed 
l e v e l  f l i g h t  and are wr i t t en  r e l a t i v e  t o  t h e  set of body axes shown i n  f i g u r e  1. 

The equat ions  used t o  desc r ibe  the  l o n g i t u d i n a l  motions were 

2 . 1 v s  
u = -qw + r v  - g s i n  9 + -  (a-at)  1 m f cx,o + cx a 2 
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- 2 
; = - p v + q u + g c o s  e cos 4 + - p , [  1 v s  Czo + Cz + Cz E+ 2v Cz (6,-6 ) 1 

e 7 t  a q 6e 
2 

I 2 -  . xz 2 2 v sc 
9 = Pr + - ( r  -P + P - [ c ~ , ~  + cm (*-at 1 I Z  - I X  

IY IY 21Y U 

8 = q cos 41 - r s i n  I$ 

1 -  
g 

% = -  ( u  + qw - rv + g s i n  8 )  

1 .  
a = -  ( w  + pv - qu - g COS e COS 4 )  

z g  

” =  & 2 + v  2 + w  2 

-1 w 
a = tan - 

U 

-1 v 
R = s i n  - V 

= ~ s C  [ cm (a-at)  + cm LIS + Cm 
a 9 2v tie 

1 % AERO 

RESULTS AND DISCUSSION 

The a l lowable  i n p u t s  f o r  parameter e x t r a c t i o n  maneuvers were small and so the  
d a t a  were marginal  f o r  use  with the  parameter e x t r a c t i o n  programs. Because of t h i s ,  
several methods of a n a l y s i s  were used i n  t h e  hope t h a t  t h e r e  would be agreement i n  
t h e  parameter va lues  determined from seve ra l  sources  and t h i s  would add confidence 
t o  t h e  r e s u l t s .  The s tepwise  regress ion  program was also t r i e d  as an a n a l y s i s  too:, 
but t he  response t o  inpu t  w a s  so  small t h a t  r e s u l t s  u s i n g  the  regress ion  program 
were not  usable .  Therefore ,  t he  ana lys i s  procedures a c t u a l l y  used t o  examine the  
f l i g h t  d a t a  were a Maximum Likelihood program and two a n a l y t i c a l  techniques.  

Only a l i m i t e d  number of t h e  long i tud ina l  maneuvers were usable  f o r  parameter 
e x t r a c t i o n .  The push-over, pull-up maneuver o r  the  pull-up, push-over maneuver 
proved t o  g ive  t h e  most c o n s i s t a n t  results and y i e l d  parameter va lues  with t h e  
lowest  es t imated s tandard  devia t ions .  Even with t h i s  “bes t “  maneuver, on ly  C7 , 
Cm,, and were i d e n t i € i a b l e .  Cz6, w a s  not  considered i d e n t i f i a b l e  

cizlce the e x t r a c t e d  va lues  exn ib i t ed  cons iderable  sca t te r ,  and the  est imated 

*a 
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s tandard  d e v i a t i o n s  were over 30 percent  of t he  es t imated  parameter value. 
The re fo re ,  C w a s  f ixed a t  r e fe rence  I va lues ,  except  i n  t h e  v i c i n i t y  of 

Mach=l, f o r  t h e  runs shown i n  t h l s  paper .  

a r e  given i n  the  sec t ions  d i scuss ing  t h e  i n d i v i d u a l  parameters.  

26 e 
The parameter va lues  chosen f o r  Cz 

6e 

The va lues  determined f o r  Cza,  Ga,  and are given i n  Table 11 

f o r  va r ious  Mach numbers. The es t imated  s tandard  d e v i a t i o n s  are a l s o  given i n  t h e  
t a b l e .  These va lues  a re  an i n d i c a t i o n  of confidence i n  the  e x t r a c t e d  parameter 
value.  An es t imated  s tandard dev ia t ion  t h a t  is  less than one-tenth of the  va lue  of 
the es t imated  parameter i n d i c a t e s  some confidence t h a t  t h e  es t imated  parameter is 
reasonable .  The parameters va lues  f o r  Cza,  Cma, C,,,6e, and CZde are 

p l o t t e d  versus  Mach number. There are two p l o t s  on each f i g u r e ,  one f o r  Mach > 5 
and one for Mach < 5. The i n d i v i d u a l  parameters w i l l  now be d iscussed .  

I Cza - The v a r i a t i o n  of normal f o r c e  c o e f f i c i e n t  with angle-of-attack 

parameter i s  shown p lo t t ed  ve r sus  Mach number as f i g u r e  2. Examination of t h e  
f i g u r e  ind ica t ed  a trend toward va lues  t h a t  were more negat ive  than those  of 
r e fe rence  1 €or  Mach 10 and above. 

t o  be less negat ive  than those  of re ference  1. In  t h i s  lower Mach range, s e v e r a l  
parameter v a l u e s  are shown a t  the same Mach numbers. Because CZ6e was not con- 

s i d e r e d  i d e n t i f i a b l e  from the  runs a v a i l a b l e ,  s e l e c t e d  va lues  were used f o r  t h i s  
parameter i n  the  veh ic l e  mathematical  model. Using re ference  1 va lues  f o r  Mach 
numbers above 2 r e su l t ed  i n  reasonable  va lues  f o r  t he  o the r  parameters.  However, 
between Mach 1 and Mach 2 ,  r e f e rence  1 ind ica t ed  a change i n  the  va lue  of Cz 

by a f a c t o r  of 5. When t h e s e  l a r g e r  va lues  were used i n  t h e  e x t r a c t i o n  mathematical 
model, t he  va lues  f o r  the o the r  e x t r a c t e d  parameters showed g r e a t e r  scatter and i n  
some cases had unreasonable magnitudes. 

r e s u l t e d  i n  unreasonable va lues  f o r  C and C 
I ma 

Below Mach 10, e x t r a c t e d  va lues  of Cz tend 
a 

I 6e 

Because t h e  r e fe rence  1 va lues  f o r  Cz 
I 

6e 
va lues  i n  the  .4 zap CZ6e ' per  rad ian  t o  .6 per  radian range were chosen (see f i g u r e  5 ) .  

The va lues  ca l cu la t ed  f o r  Cza, us ing a n a l y t i c a l  techniques and assuming 

l i n e a r  v a r i a t i o n s  i n  a lpha,  "Z"-body a c c e l e r a t i o n  and elevon d e f l e c t i o n  and p i t c h  
r a t e  cons t an t  are a l s o  shown on f i g u r e  2. These va lues  g e n e r a l l y  showed t rends  
s imi la r  t o  those  of re ference  1. Below Mach 7 the  magnitude of t h e  va lues  
c a l c u l a t e d  f o r  Cza tended t o  be less negat ive  than those  of r e fe rence  1. 

most cases, the  ca l cu la t ed  va lues  showed t h e  same t r ends  as the  va lues  determined 
using t h e  maximum l ike l ihood e x t r a c t i o n  program. 

I 

I n  

- The s t a t i c  s t a b i l i t y  parameters f o r  t he  f l i g h t s  d i scussed  i n  t h i s  crna 
paper ,  p l o t t e d  ve r sus  Mach number, are shown as € igu re  3. The va lues  from 
re fe rence  1 are designated by a s o l i d  l i n e .  Espec ia l ly  a t  the  h igher  Mach numbers, 
t h e r e  are many regions where C changes by 40 t o  50 percent  i n  a very  small  

range of Mach numbers. These abrupt  v a r i a t i o n s  make comparing t r ends  and va lues  
between the  e x t r a c t e d  va lues  and those of r e fe rence  1 d i f f i c u l t .  I n  

g e n e r a l ,  t h e  e x t r a c t e d  parameters seemed t o  show less s ta t ic  s t a b i l i t y  above Mach 10 
and more below Mach 10 than the  p r e f l i g h t  p red ic t ions .  

ma 

1 
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The va lues  of c a l c u l a t e d  using a n a l y t i c a l  techniques f o r  t h e  regions of 

t h e  t r a j e c t o r y  where a lpha ,  "Z"-body a c c e l e r a t i o n s  and elevon d e f l e c t i o n  changes 
were l inear and p i t c h  rate w a s  constant  showed t r e n d s  and magnitudes of t he  
parameter  va lues  t h a t  were s i m i l a r  t o  those  of t h e  parameters e x t r a c t e d  using t h e  
Maximum Likelihood program. This agreement tended t o  g ive  a d d i t i o n a l  confidence t o  
t h e  v a l i d i t y  of the  values determined. 

- The c o n t r o l  e f f e c t i v e n e s s  parameter is p l o t t e d  versus  Mach number GS e 
and shown as f i g u r e  4. The va lues  determined using t h e  Maximum Likelihood cx t rac-  
t i o n  program gene ra l ly  showed the  same t rend  but s l i g h t l y  less e f f e c t i v e n e s s  than 
r e f e r e n c e  1 down t o  Mach 5 .  Below Mach 5 the  e x t r a c t e d  parameters showed similar 
t r e n d s ,  but some of t h e  va lues  determined were d i f f e r e n t .  The predominant f e a t u r e  
i n  t h e  p r e f l i g h t  l o n g i t u d i n a l  aerodynamics is t h e  abrupt  change i n  t h e  parameter 
va lues  between Mach 1.5 and .5. I n  t h e  case of & t h e  e f f e c t i v e n e s s  i s  

p r e d i c t e d  t o  inc rease  by a f a c t o r  of 3 i n  t h e  v i c i n i t y  of Mach 1. Because of l a c k  
of maneuvers t h a t  would y i e l d  i d e n t i f i a b l e  parameters during t h i s  p a r t  of t h e  
f l i g h t ,  t h i s  v a r i a t i o n  i n  e f f ec t iveness  could not  be v e r i f i e d .  The t r ends  of t h e  
e x t r a c t e d  parameter va lues  seemed t o  imply an increased  e f f e c t i v e n e s s ,  but not as 
great an increase as predic ted  by re ference  1. 

6e 

- The v a r i a t i o n  of fo rce  along the  "Z"-body a x i s  with elevon def lec-  'z6 e 
t i o n  parameter  from re fe rence  1 and f ixed va lues  used f o r  e x t r a c t i o n  of o the r  
parameters  are p l o t t e d  versus  Mach number i n  f i g u r e  5. Above Mach 2 the  va lues  from 
r e f e r e n c e  1 were used f o r  C Z6e. However, below Mach 2 t h e  p l o t t e d  va lues  seemed 

t o  g ive  more real is t ic  va lues  f o r  C z,, %a, and %&e* 

At Mach=.7 the  r e s u l t s  from t h e  maneuvers were not  as s e n s i t i v e  t o  v a r i a t i o n s  
i n  C 

from re fe rence  1, C., became s i g n i f i c a n t l y  p o s i t i v e ,  but CZ, had a very 

reasonable  value.  

Gse did  not vary s i g n i f i c a n t l y ,  however, t he  va lues  e x t r a c t e d  f o r  

showed much less c o n t r o l  e f f e c t i v e n e s s  than w a s  expected. 

as those  of Mach=.6 and Mach=.8. When Cz6, w a s  set a t  t he  va lue  
z6 e 

When CZ6e was set a t  -.4 per rad ian  ha, Cza and 

The p i t c h  je ts  on the  S h u t t l e  were only a c t i v e  f o r  dynamic pressures lese than 
20 p s f .  The e v a l u a t i o n  of t he  e f f e c t i v e n e s s  of t h e  p i t ch  j e t s  w a s  made using 
s e v e r a l  methods so t h a t  the  va lues  obtained could be verified. Values f o r  t he  p i t c h  
j e t  e f f e c t i v e n e s s  were obtained at  th ree  Mach numbers o r  a l t e r n a t i v e l y  a t  t h r e e  
va lues  of Q. Values were obtained using the  Maximum Likel ihood e x t r a c t i o n  program 
and d e t e r m i n i s t i c a l l y  from t h e  equat ion 

where C,,, and C, were obtained from reference  1. The resul ts  of t h i s  

de t e rmina t ion  of j e t  e f f e c t i v e n e s s  is shown as f i g u r e  6. The f i g u r e  shows the  
percent  e f f e c t i v e n e s s  p l o t t e d  a g a i n s t  dynamic pressure .  The two methods agreed 
w i t h i n  10 pe rcen t ,  i n d i c a t i n g  a s t rong  confidence i n  t h e  results.  The f l i g h t -  
der ived  va lues ,  however, are very d i f f e r e n t  from t h e  p red ic t ed  va lues  a t  t he  lower 
va lues  of dynamic pressure  but tend t o  agree b e t t e r  with t h e  p red ic t ed  va lues  a t  the  
h ighe r  va lues  of dynamic pressure .  

a 6e 
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The r e s u l t s  show t h a t  the  up- f i r ing  je ts  are about 15 percent  more e f f e c t i v e  
than the  down-firing j e t s .  This  is a measure of p i t c h  j e t  i n t e r a c t i o n s ,  and it had 
been hoped t h a t  by working i n  t h e  dynamic p res su re  regime near  zero ,  t he  in t e rac -  
t i o n s  due only t o  impingement could be determined. Then by comparing the  r e s u l t s  t o  
p i t c h  j e t  e f f e c t i v e n e s s  and h igher  dynamic p res su res ,  t he  flow f i e l d  i n t e r a c t i o n s  
couid be separa ted  from t he  impingement i n t e r a c t i o n s .  Resu i t s  from t h i s  a t t e m p t  
were inconclus ive  because of ins t rumenta t ion  r e s o l u t i o n  a t  low dynamic pressures  and 
by the  f a c t  t h a t  a t  20 p s f ,  when j e t s  were c u t  o f f ,  t h e  flow e f f e c t s  were poorly 
def ined .  

Longi tudina l  aerodynamic parameters were e x t r a c t e d  from f l i g h t  tes t  d a t a  f o r  
f i v e  f l i g h t s  of t he  Space S h u t t l e  Columbia. These parameter va lues  were compared 
wi th  the  p r e f l i g h t  p red ic t ions  t o  t r y  t o  determine how well t h e  p r e d i c t i o n s  
descr ibed  the  S h u t t l e  aerodynamics. In  g e n e r a l ,  the  va lues  of t he  i d e n t i f i a b l e  
parameters exh ib i t ed  t rends  w i t h  Mach numbers t h a t  were similar t o  those  of 
re ference  1. However, f o r  most of t he  Mach range, t h e  a c t u a l  va lues  were d i f f e r e n t .  

The e x t r a c t e d  values  of Cza were more negat ive  than those  of r e fe rence  1 

f o r  Mach numbers g r e a t e r  than 10 and less negat ive  for Mach numbers less than 10. 
However, t he  c o r r e l a t i o n  problems t h a t  r e su l t ed  from the  small magnitudes of t h e  
v e h i c l e ' s  response t o  inputs  r educed  t h e  confidence i n  the  low Mach number r e s u l t s .  

The e x t r a c t e d  values  f o r  $ tended toward less s t a t i c  s t a b i l i t y  above 

Mach 5 than those  of re ference  1. Below Mach 5,  t he  parameter va lues  e x t r a c t e d  from 
f l i g h t  d a t a  agreed reasonably wel l  with those  of re ference  1; however, l ack  of d a t a  
prevented a good d e f i n i t i o n  of t he  l a r g e  v a r i a t i o n  i n  C, around Mach 1. 

The e x t r a c t e d  values  f o r  he seem t o  gene ra l ly  agree with those  of 

r e f e r e n c e  1 i n  the  Mach 1.5 t o  Mach 20 range. I n  t h i s  range, the  parameter was 
f a i r l y  w e i i  i d e n t i f i e d ,  l ending  some confidence t o  the va lues  obtained.  Above 
Mach 20, t he  parameter was not w e l l  i d e n t i f i e d ,  and cons ide rab le  scatter w a s  ev ident  
i n  the  va lues  determined. Below Mach 1.5, the  va lues  determined ind ica t ed  less 
elevon e f f e c t i v e n e s s  than p red ic t ed  by r e fe rence  1. When t h e  re ference  1 va lues  
were used f o r  C z  

va lues .  I f  t he  re ference  1 va lues  of C were cu t  i n  h a l f ,  then the  Cz 

and va lues  were more reasonable .  

U 

i n  t h e  same Mach range, Cz, and ha had unreasonable  6 e  

Z6 e a 

The RCS p i t c h  j e t  e f f e c t i v e n e s s  determined from f l i g h t  i n d i c a t e s  t h a t  t h e  p i t c h  
j e t s  are approximately twice as e f f e c t i v e  as p red ic t ed  over most of the  range where 
they are a c t i v e .  

With t h e  except ion  of c o n t r o l  e f f e c t i v e n e s s  i n  t h e  v i c i n i t y  of Mach=l, t h e  
ma jo r i ty  of the  f l i g h t  condi t ions  covered during the  e n t r y  phase of t he  f i v e  
Columbia f l i g h t s  analyzed, the  agreement with the  p r e f l i g h t  p r e d i c t i o n s  i s  c l o s e  
enough t o  conclude t h a t  t hese  p r e d i c t l o n s  a r e  a reasonable  r e p r e s e n t a t i o n  of the 
v e h i c l e ' s  s h o r t  per iod aerodynamics. 
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TABLE 1.- ENTRY PEYSICAL QURBCTERISTICS OF SPACE SACPPnE ORBITER 

Mass propoert ies  (range for f i v e  f l i g h t s ) :  

Mass, kg . . . . . . . . . . . . . . . . .  91,917-100,309 

Moments of I n e r t i a  (range for f i v e  f l i g h t s ) :  

2 

2 

2 

Ix, kg-m . . . . . . . . . . . . . .  1,171,428-1,313,633 

Iy, kg- . . . . . . . . . . . . . .  9,228,939-9,614,705 

Iz, kg-m . . . . . . . . . . . . . .  9,584,958-10,031,878 

Ixz, kg-m . . . . . . . . . . . . . . .  205,832-223,189 
2 

Wing : 

249.91 Reference area, m . . . . . . . . . . . . . .  
Mean aerodynamic chord, m . . . . 12.06 

Span, m . . . . . . . . . . . . . . . . . . . . .  23.79 

2 

Elevon (per s i d e ) :  

2 Reference area, m . . . . . . . . . . . . . . . .  19.51 

Mean aerodynamic chord, m . . . . . . . . . . . .  2.30  

Rudder (per  s i d e  panel ) :  

2 Reference area, m . . . . . . . . . . . . . . . .  9.30 

Mean aerodynamic chord, m . . . . . . . . . . . .  1.86 

Body Flap: 

2 Reference area, m . . . . . . . . . . . . . . . .  12.54 

Mean aerodynamic chord, m . . . . . . . . . . . .  2.06 

11 



! 
W 
H 

h 
u I 

N In 2 m / X o 7 0 , n  N I N O  . e  

3 I 1 

u I  

1 2  



II E 

I/ 

13 



I 

C 

c 
a 0  

d I 

. 
c 

14 



J I I 

15 



REFERENCES 

1. Aerodynamic Design Data Book - Volume I: O r b i t e r  Vehicle.  NASA CR-160386, 
1978. 

2.  Cooke, D. R.: Space S h u t t l e  S t a b i l i t y  and Control  T e s t  P lan ,  AIAA Paper 
8 2- 1 3 1 5 , Augus t 1 982 . 

3 .  Findlay ,  J. T.; Kelly,  G. M., and Henry, M. W.: An Extended BET Format f o r  
LaRC S h u t t l e  Experimenters: D e f i n i t i o n s  and Development AMA Report No. 
81-11, NASA CR-165882, A p r i l  1982. 

4 .  F indlay ,  J. T.; Kelly,  G. M.; and McConnell, J, G.: An - AEROdynamic Best 
- Estimate Tra j ec to ry  F i l e  (AEROBET) for NASA Langley Research Center T h u t t l e  
I n v e s t i g a t i o n s .  AMA Report No, 82-9, Control  NAS1-16087, March 1982. 

5. FlanaRan, P. F.: FINAL fEPORT/GTFILE Generat ion - D e f i n i t i o n  and Development. 
AMA Report No. 81-20, NASA P. 0. L23695B, J u l y  1981. 

I 6. S u i t ,  W i l l i a m  T.; and Mayo, Marna H.: On Matching t h e  Systems I d e n t i f i c a t i o n  
Technique t o  t h e  P a r t i c u l a r  Applicat ion.  JACC,  C h a r l o t t e s v i l l e ,  VA, June 1981. 

7 .  Kle in ,  V.;  Bat terson,  J. G.; and Murphy, P. C.: Determination of Airplane 
Model S t r u c t u r e  from F l i g h t  Data by Using Modified Stepwise Regression. NASA 
TP-1916, October 1981. 

8. Kle in ,  V.: Determination of Longi tudina l  Aerodynamic Der iva t ives  from Steady- 
I S t a t e  Measurement of an A i r c r a f t .  AIAA 4 t h  Atmospheric F l i g h t  Mechanics 

Conference,  Hollywood, F l o r i d a ,  August 8-10, 1977. 

9. S u i t ,  W i l l i a m  T.; Compton, N. R.; S c a l l i o n ,  W. I.; and Schiess ,  J. R.: Simpli- 
f ied Analysis  Techniques t o  Support t h e  Determination of S h u t t l e  Aerodynamics. 
AIAA-83-0117, AIAA 2 1 s t  Aerospace Sciences Meeting, January 1983. 



. 

Senses indicated 
are positive . 

Figure 1.- Schematic of Shuttle vehicle showing body axes and 
positive senses of accelerations, rates, velocities, 
moments and angles. 
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