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SUMMARY 

A comparison has  been made between ground f a c i l i t y  measurements, t h e  aero- 

The compari- 
dynamic design data-book va lues ,  and t h e  dynamic damping d e r i v a t i v e s  e x t r a c t e d  
from t h e  Space S h u t t l e  o r b i t e r  approach and landing  f l i g h t  tests. 
son covers  an angle-of-attack range from 2O to  loo a t  subsonic  Mach numbers. 
The parameters of p i t c h ,  yaw, and rol l  damping, as w e l l  as t h e  yawing moment 
due to r o l l i n g  v e l o c i t y  and r o l l i n g  moment due t o  yawing v e l o c i t y  are compared. 

The comparison showed good agreement between a l l  of t h e  parameters except  
for t h e  ro l l  damping and t h e  r o l l i n g  moment due t o  yawing-velocity parameter 
which were s l i g h t l y  l a r g e r  for t h e  wind-tunnel data than  f o r  t h e  f l i g h t - t e s t  
results.  

INTRODUCTION 

The Space S h u t t l e  o r b i t e r  approach and landing tes t  (ALT) program has 
been completed and f l i g h t - t e s t  data have become a v a i l a b l e  ( r e f .  1 ) .  S ince  t h e  
dynamic s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  Space S h u t t l e  orbiter were experimen- 
t a l l y  determined i n  wind-tunnel tests a t  t h e  Langley Research Center and t h e  
Arnold Engineering Development Center over a range of proposed f l i g h t  condi- 
t i o n s  ( r e f s .  2 to  8 ) ,  an oppor tuni ty  e x i s t s  f o r  t h e  comparison of f l i g h t - t e s t  
data with t h e  ground base test  resul ts .  The ALT program cons i s t ed  of f i v e  
f l i g h t s .  
and f l i g h t s  4 and 5 were made wi th  t h e  t a i l  cone removed. A l l  comparisons 
made he re in  are f o r  f l i g h t s  4 and 5 wi th  t h e  t a i l  cone removed. 

F l i g h t s  1 to 3 were wi th  a t a i l  cone over t h e  base of t h e  o r b i t e r  

Because of t he  na tu re  of t h e  ALT f l i g h t  program a l l  of t he  data obta ined  
are subsonic  over a Mach number range of 0.37 to 0.56 and over an angle-of- 
a t tack range of approximately 2O to  loo. Pitch- ,  yaw-, and roll-damping data 
are a v a i l a b l e  from t h e  f l i g h t  tests, as w e l l  as t h e  parameters of yawing moment 
due to r o l l i n g  v e l o c i t y  and r o l l i n g  moment due to  yawing ve loc i ty .  U t i l i z i n g  
t h e s e  da t a ,  a comparison has  been made of t h e  e x i s t i n g  wind-tunnel test  r e s u l t s  
and t h e  Space S h u t t l e  o r b i t e r  design data book ( r e f .  9) and is presented  here in .  

SYMBOLS 

A l l  data presented  are re ferenced  to the  body axes system and to a moment 
re ference  center  l o c a t i o n  of 0.652 as shown i n  f i g u r e  1. 

b re ference  span, meters 

C wing mean aerodynamic chord, meters 
- 



CZ 

ZP 
C 

Rolling moment 
rolling-moment coefficient, 

%Sb 

, per radian ac Z = -  

a($ 

Czp + Czb sin a roll-damping parameter, per radian 

ac '1 
L 

= -  , per radian '2r 

\ /  

czr - C$ cos a rolling moment due to yaw-rate parameter, per radian 

c, 

2 

* , per radian -- - 

Pitching moment 
pitching-moment coefficient, 

q& 

radian 

pitch-damping parameter, per radian 
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Yawing moment 
yawing-moment coefficient, 

%Sb 
Cn 

3% 
=-  , per radian 

c"P 

(2) 
C + Cnrj sin 01 yawing manent due to roll-rate parameter, per radian "P 

I ,  

8% 
= -  , per radian 

a(%) 

Cni cos a yaw-damping parameter, per radian 

radian 

frequency, hertz 

- 
WC wb 

2v 2v 
reduced frequency parameter - in pitch and - in roll and yaw, 

radians 

orbiter body length, meters 

free-stream Mach number 

angular velocities of model about X-, Y-, and Z-axes, respectively, 
radians/second 

f ree-stream dynamic pressure, N/m2 

Reynolds number based on body length 

reference area , meters2 
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free-stream v e l o c i t y ,  meters/second 

body axes  system 

moment c e n t e r  

ang le  of at tack, degrees  

a n g l e  of sideslip,  degrees  

body f l a p  d e f l e c t i o n ,  p o s i t i v e  when t r a i l i n g  edge is down, degrees  

elevon d e f l e c t i o n ,  p o s i t i v e  when t r a i l i n g  edge is down, degrees  

speed-brake d e f l e c t i o n ,  degrees  

angular  v e l o c i t y ,  2Tf, r a d i a n s  per second 

Subsc r ip t s :  

f l t  f l i g h t  

w. t. wind t u n n e l  

A dot over a symbol 
. aa 

a t '  denotes  a t i m e  d e r i v a t i v e ;  t h a t  is, c1 = - 

VEHICLE D E F I N I T I O N  AND TEST CONDITIONS 

Drawings of t he  0.0165-scale model used i n  t h e  wind-tunnel tests and 
Orbiter 101 are p resen ted  i n  f i g u r e s  1 (a)  and 1 (b) . Photographs of Orbiter 101 
i n  f l i g h t  and t h e  scaled model i n  a tes t  s e t u p  are p resen ted  i n  f i g u r e s  2 
and 3, r e s p e c t i v e l y .  The wind-tunnel model w a s  a modified 089B ver s ion  of t h e  
orbiter.  The planforms of t h e  wind-tunnel model and O r b i t o r  101 are n e a r l y  
i d e n t i c a l ,  t h e  on ly  d i f f e r e n c e s  i n  t h e  c o n f i g u r a t i o n s  being a change i n  t h e  
th i ckness  d i s t r i b u t i o n  of t h e  wing and for O r b i t e r  101 a b lun t ing  of t h e  
orbi ta l  maneuvering system (OMS) pods, t h e  a d d i t i o n  of a gap between t h e  out- 
board and inboard elevons,  and t h e  i n s t a l l a t i o n  of a nose probe f o r  t h e  f l i g h t  
tests. 

I n  t h e  f l i g h t  tests a l l  of t h e  data were ob ta ined  f o r  trimmed elevon 
d e f l e c t i o n s  (always less than  4O) and speed-brake d e f l e c t i o n s  of 3.8O and 43O. 
A l l  of t h e  wind-tunnel d a t a  used i n  t h e  p r e s e n t  comparison were for a Oo elevon 
d e f l e c t i o n  and a l o o  speed-brake s e t t i n g .  The d i f f e r e n c e s  i n  t h e  speed-brake 
s e t t i n g s  should have n e g l i g i b l e  i m p a c t  on t h e  parameters of i n t e r e s t .  Th i s  is 
demonstrated by t h e  d a t a  p re sen ted  i n  r e f e r e n c e  2 f o r  speed-brake d e f l e c t i o n s  
of l o o  and 85O which showed t h a t ,  even with t h i s  extreme d i f f e r e n c e  i n  speed- 
brake d e f l e c t i o n ,  t h e r e  was g e n e r a l l y  a very small e f f e c t  on t h e  damping a t  
ang le s  of at tack belaw loo. 

L 
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During the ALT flights all of the data were obtained at Mach numbers from 
approximately 0 .37  to 0 . 5 6 .  The aerodynamic data presented in the design data 
book (ref. 9) show that compressibility effects going from Mach numbers Of 0 . 3  
to 0 . 6  are small; therefore, a comparison of the flight-test damping data (at 
Mach numbers from 0.37  to 0 .56)  with the wind-tunnel data (measured at Mach 
numbers of 0 . 3 )  should be valid. 

k ,  rad 
- ___- .- -. . 

Wind tunne 1 Flight 

0.0325 0 .0014 

.112  .0125 

.0605 ,0041 - 

Canparisons of the reduced frequency parameter k and Reynolds number R 
for the flight tests and the wind-tunnel tests are presented in the following 
table: 

__ - .- - ._ - 

R 
- - . - - 

Wind tunnel Flight 
_- 

3 . 2  x l o 6  357 to 625 x l o 6  

3 . 2  x l o 6  357 to 625 x l o 6  

3 . 2  x l o 6  357 to 625 x l o 6  

I-= Pitch 

Roll 

Yaw 

There is a very large difference in the flight-test and wind-tunnel test 
Reynolds numbers, but the results of a survey made prior to the wind-tunnel 
tests showed no existing capability for measuring the damping derivatives at 
higher Reynolds numbers. As with the Reynolds number, there are large differ- 
ences between the flight-test and wind-tunnel values of the reduced frequency 
parameter; however, the limitations of the available test techniques make 
closer duplication of this parameter impossible. 

RESULTS AND DISCUSSION 

A comparison of the damping derivatives measured in the wind tunnel with 
those obtained from ALT flights 4 and 5 ,  as reported in reference 1 ,  is pres- 
ented in figures 4 to 8. The dynamic derivatives in reference 1 are in the 
form of combined derivatives so that for the pitch-damping case, the parameter 
extracted is Cms + s. For the yawing case where cos a is assumed to be 

one, the parameters in reference 1 are Cnr - CnB and Clr - C l 8 .  For the 

rolling case the derivatives are Czp and Cnp since the terms multiplied 

by sin a have been assumed to be zero. 

Pitch-Damping Derivatives 

A comparison of the pitch-damping data is presented in figure 4. Both the 
flight and wind-tunnel data show that the Configuration exhibits positive pitch 
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damping (nega t ive  va lues  of 

Pitch-damping va lues  from t h e  design data book (ref. 9) are also p resen ted  i n  
f i g u r e  4 for Mach numbers of 0.40 and 0.60. The r e s u l t s  show t h a t  t h e  p i t c h -  
damping d a t a  measured i n  t h e  wind t u n n e l  are almost  w i t h i n  t h e  accuracy band 
(ref. 1)  p re sen ted  on t h e  f i g u r e s  for t h e  ALT f l i g h t  da t a .  General ly ,  t h e  
wind-tunnel values  of p i t c h  damping are i n  closer agreement wi th  t h e  f l i g h t  
data than  t h e  aerodynamic data-book values .  

% + k) over t h e  test  angle-of-attack range. 

Yaw-Damping D e r i v a t i v e s  

A comparison of t h e  yaw-damping data measured i n  t h e  wind t u n n e l  with t h a t  
e x t r a c t e d  from the ALT f l i g h t  data is p resen ted  i n  f i g u r e  5. Both t h e  wind- 
t u n n e l  and f l i g h t - t e s t  data i n d i c a t e  p o s i t i v e  yaw damping a t  a l l  test a n g l e s  
o f  attack. Except f o r  1 data p o i n t  a t  approximately 7O ang le  of at tack,  t h e  
faired wind-tunnel d a t a  are wi th in  t h e  accuracy band of t h e  f l i g h t - t e s t  
results. This  discrepancy a t  7O a n g l e  of attack could n o t  be explained.  

The data from t h e  design data book ( ref .  9) show about  the same agree- 
ment w i th  t h e  f l i g h t  data as do t h e  wind-tunnel results.  

Roll-Damping D e r i v a t i v e s  

Presented i n  f i g u r e  6 is a comparison of t h e  wind-tunnel and f l i g h t  roll- 
damping data. Both sets of data i n d i c a t e  t h a t  t h e  v e h i c l e  has  p o s i t i v e  ro l l  
damping a t  a l l  test ang le s  o f  at tack. The roll-damping va lues  determined from 
t h e  f l i g h t - t e s t  r e s u l t s  are s l i g h t l y  less than t h e  wind-tunnel va lues  a t  a l l  
excep t  one ang le  o f  at tack. One exp lana t ion  f o r  t h i s  d i f f e r e n c e ,  p re sen ted  i n  
r e f e r e n c e  1 ,  is t h e  p o s s i b i l i t y  of an  error o f  approximately 1 0  p e r c e n t  i n  t h e  
determinat ion of t h e  ro l l  i n e r t i a  of Orbiter 101. This  could a f f e c t  a l l  of t h e  
f l i g h t  v a l u e s  of t h e  ro l l  d e r i v a t i v e s  ( s ta t ic  and dynamic). S ince  t h e  wind- 
t u n n e l  d a t a  and design data-book p r e d i c t i o n s  ( r e f .  9) are i n  agreement, compar- 
i son  of t h e  data-book v a l u e s  with the f l i g h t  data show t h i s  same discrepancy.  

R o l l i n g  Moment Due to Yawing-Velocity Parameter 

A comparison o f  t h e  r o l l i n g  moment due t o  yawing-velocity parameter mea- 
su red  during the ALT f l i g h t  and t h e  wind-tunnel tests is p resen ted  i n  f i g u r e  7. 
Both sets of data show t h a t  t h e  c o n f i g u r a t i o n  has  p o s i t i v e  va lues  of t h e  roll- 
ing  moment due to yawing-velocity parameter throughout t h e  test angle-of-attack 
range. The comparison o f  t h e  r e s u l t s  shows t h e  same t r e n d  as t h e  roll-damping 
data i n  t h a t  t h e  f l i g h t - t e s t  va lues  are always less than t h e  wind-tunnel val-  
ues. The error i n  t h e  ro l l  i n e r t i a ,  po in t ed  o u t  i n  t h e  roll-damping discus-  
s i o n ,  could ve ry  e a s i l y  account for t h e  discrepancy i n  t h e  r o l l i n g  moment due 
to yawing-velocity parameter. 
v a l u e s  (ref. 9) are i n  agreement and, t h e r e f o r e ,  have t h e  same discrepancy.  

t 

The wind-tunnel r e s u l t s  and t h e  design data-book 
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Yawing Moment Due to  Roll ing-Veloci ty  Parameter 

The yawing moment due to ro l l i ng -ve loc i ty  parameter measured i n  t h e  f l i g h t  
and wind-tunnel tests is p resen ted  i n  f i g u r e  8. The data show t h a t  t h e  param- 
eter is nonl inear  w i th  angle  of at tack and has  small p o s i t i v e  and negat ive  val-  
ues. The agreement between the ALT f l i g h t  tests and wind-tunnel r e s u l t s  are 
q u i t e  good cons ider ing ,  as po in ted  o u t  i n  t h e  appendix of r e fe rence  3,  t h a t  
measuring these s m a l l  damping parameters i n  t h e  presence  of l a r g e  f o r c e s  and 
moments is q u i t e  d i f f i c u l t .  Compared wi th  t h e  des ign  data-book va lues  
( r e f .  9 ) ,  t h e  t r e n d s  and magnitude o f  the wind-tunnel data agree much better 
wi th  t h e  f l i g h t  data. 

SUMMARY OF RESULTS 

The r e s u l t s  o f  a comparison of  t h e  wind-tunnel measured damping wi th  
damping recorded from t h e  Space S h u t t l e  orbiter approach and landing f l i g h t  
tests have shown t h a t :  

1. I n  genera l ,  t h e  p i t ch -  and yaw-damping r e s u l t s  determined from the 
wind-tunnel and f l i g h t  tests agree  q u i t e  w e l l .  

2. The r o l l  damping and r o l l i n g  moment due to  yawing-velocity parameter 
va lues  measured i n  t h e  wind tunnel  are s l i g h t l y  h igher  than those determined 
i n  f l i g h t  tests. 

3 .  The yawing moment due to r o l l i n g - v e l o c i t y  parameter measured i n  t h e  
wind tunne l  and i n  f l i g h t  ag ree  q u i t e  w e l l  cons ider ing  t h e  d i f f i c u l t y  of mea- 
s u r i n g  t h i s  parameter i n  t h e  wind tunnel .  

4 .  Since  t h e r e  are no l a r g e  d i sc repanc ie s  between t h e  data recorded i n  
t h e  wind tunnel  and those  recorded from f l i g h t  tests ( t h e  l i n e a r i t y  and l e v e l s  
of damping g e n e r a l l y  agree ing)  , t h e  wind-tunnel data appear adequate f o r  vehi- 
cle and c o n t r o l  system des ign  f o r  t h e  subsonic  Mach numbers and t h e  l o w  angle- 
of -a t tack  range o f  t h e  comparisons. 

Langley Research Center 
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
February 21 , 1980 
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R eference dimensions 

Z - 54.076 cm 
b = 39.259 c m  

- -  

Water-line zero, Zref = 0 

M o m e n t  re fe rence  c e n t e r  = 0.65 I 
(a) 0.01 65-scale wind-tunnel model. A l l  dimensions given i n  cent imeters .  

Figure 1.- Sketches of wind-tunnel model and Orbiter 101. 



Reference dime n s ion s 

Area ~ = 2 5 0 m 2  
MAC - 12.06 m 
Moment  

center  x = 21.30 m 
Length I =  32.77 m 
Span b - 23.79 m 

Moment  center  = 0,652 /47 -I- 
I 

-- 
I -  I 

F------ 32.77 2 
(b) Orbiter 101. A l l  dimensions given in meters. 

Figure 1 .- Concluded. 



L-78-414 
Figure 2.- Orbiter 101 i n  f l i g h t .  



Figure 3.- Model mounted €or forced o s c i l l a t i o n  tests i n  the  Langley 8-Foot Transonic Pressure Tunnel. 



MACH NO. 

0 0.51 
0.52 

+ 0.53 
A 0.41 
0 0.30 

0.4 
0.6 

- - - _  - 

-I- 

SOURCE 

Flight 

J 
W i nd tu n ne I 
Ref. 9 
Ref. 9 

I Accuracy band established in Ref. 1. 

-4 

-6 I I I I I I I I 1 1 
0 2 4 6 8 10 12 14 16 18 20 

a, degrees 

--I Figure 4.- Comparison of flight and wind-tunnel values of pitch damping. 6BF = Oo. 
W 



MACH NO. SOURCE be 'S B 

. 6  

.4 

.2 

0 0.53 0.56 Fl ight I Tim 4 r  

+ 0.53 
A 0.49 
A 0.41 
0 0.30 Wind t u n n e l  Oo 

1 T 0.4 Ref. 9 
0.6 Ref. 9 

- - _ - - _  
_- - ~ 

1 Accuracy band established in Ref. 1. 

per radian -. 2 

-. 4 
/ 

I 1 ( I I I I I 

2 4 6 8 10 12 14 16 18 20 
I L 

a, degrees 

Figure 5.- Comparison of flight and wind-tunnel values of yaw damping. 6,, = Oo. 



.6 

.4 

Qp' f It Or . 2  

-.6 

MACH NO. SOURCE be 6S B 

0 0.56 0.53 Flight , r;im 4!~o 

A 0.49 43O 
+ 0.53 

L 0.41 
0 0.30 Wind tunnel 0' r i  0.40 Ref. 9 

0.60 Ref. 9 
- - - - - -  
-- - 

, 1 I I I I I I I I 1 

I Accuracy band established in Ref. 1. 

a, degrees 

Figure 6.- Canparison of flight and wind-tunnel values of ro l l  damping. ~ B F  = Oo. 



MACH NO. SOURCE be 6S B 

. 8  

.6 

.4  

(CI, - c$j cos a) ,o 
I w. t. 

per radian - 

-. 2 

-. 4 

0.53 Flight Tr im 3.8’ 
0.56 

0.53 0.49 I ! i o  
0.41 t ‘I 430 
0.30 Wind tunne l  Oo 
0.4 Ref. 9 
0.6 Ref. 9 

Accuracy band established in Ref. 1. 

A 

0 2 4 6 8 10 12 14 16 18 20 

a, degrees 

Figure 7.- Comparison of flight and wind-tunnel values of rolling moment 
due to yawing velocity. 6,~ = Oo. 



be MACH NO. SOURCE 

0 0.53 Flight 
a 0.53 I 

+ 0.49 I 

A 0.41 c 
I 

. 6  .I 0 0.30 Wind 

Trim 

4 
unnel OO 

i 0.40 Ref. 9 
0.60 Ref. 9 

_ _ _ _ _ _  
- - 

4 
1 Accuracy band established in Ref. 1. 

'S B 

43O 

I'" 
loo 

-.6 1 I I I I I I I I i I 
0 2 4 6 8 10 12 14 16 18 20 

a, degrees 

Figure 8.- Comparison of flight and wind-tunnel values of yawing mment 
due to rolling velocity. 6,, = Oo. 
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