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ABSTRACT 

A m o d e l  l a u n c h e r  has  b e e n  d e v e l o p e d  fo r  u se  in the c o n t i n u o u s  f low 
wind  tunne l s ,  T u n n e l s  A, B, and C (Mach n u m b e r s  f r o m  1.5 t h r o u g h  10) 
of VKF.  S u p p o r t - f r e e  m o d e l  d r ag ,  damping ,  and p i t c h i n g - m o m e n t  r a t e  
da ta  m a y  be ob ta ined  t h r o u g h o u t  the Mach  n u m b e r  r a n g e .  Model  b a s e  
p r e s s u r e  data ,  u s i n g  o n b o a r d  t e l e m e t r y ,  m a y  be  ob t a ined  at M a c h  n u m -  
b e r s  up t h r o u g h  6. R e p e a t e d  m o d e l  l a u n c h i n g s  m a y  be m a d e  wi thou t  
i n t e r r u p t i n g  the tunne l  f low. A d e s c r i p t i o n  of the  m o d e l  l a u n c h e r  and 
t e s t i n g  p r o c e d u r e s  a r e  p r e s e n t e d  with  r e p r e s e n t a t i v e  d rag ,  damping ,  
p i t c h i n g - m o m e n t  r a t e ,  and b a s e  p r e s s u r e  da ta  ob t a ined  on 10-deg,  ha l f -  
ang le  cone m o d e l s  in f r e e  f l ight .  
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SECTION I 
INTRODUCTION 

/ p 

A d e v e l o p m e n t a l  p r o g r a m  has  b e e n  c o n d u c t e d  at the von K a r m a n  
Gas  D y n a m i c s  F a c i l i t y  (VKF),  AEDC, to p r o v i d e  f r e e - f l i g h t  m o d e l  
t e s t i n g  c a p a b i l i t i e s  in the VKF con t inuous  f low t u n n e l s .  The  o b j e c t i v e s  
of th i s  p r o g r a m  w e r e  to p r o v i d e  an add i t i ona l  m e a n s  of t e s t i n g  m o d e l s  
in the V K F  wind t unne l s  and to ob ta in  damping ,  d r ag ,  p i t c h i n g - m o m e n t  
r a t e ,  b a s e  p r e s s u r e ,  and b a s e  h e a t i n g  da ta  f r o m  m o d e l s  in f r e e  f l ight .  

Data have been obtained from models in free flight at many wind 
tunnel facilities. Allen of NACA proposed to gun-launch models at high 
speeds upstream through the test section of a supersonic wind tunnel 
and obtain hypersonic flow about the test model. This proposal resulted 
in the development of the Ames supersonic free-flight wind tunnel as 
reported by Seiff in Ref. i. More recently, free-flight data have been 
obtained in shock tunnels (Refs. 2 and 3) and in "hot-shot"-type tunnels 
(Ref. 4) using models initially supported by threads which were blown 
free during the tunnel starting process. Kinslow and Potter (Ref. 5) 
employed a technique which allowed the model to fall into the tunnel flow 
and obtained drag data from the model's time history. 

D a y m a n  (Ref. 6) s h o w e d  that  m o d e l s  cou ld  be s u c c e s s f u l l y  s u s p e n d e d  
by w i r e s  in c o n v e n t i o n a l  t u n n e l s  and r e l e a s e d  a f t e r  the tunne l  f low was  
e s t a b l i s h e d .  D a y m a n  went  f u r t h e r  (Ref. 7) to l a u n c h  m o d e l s  by m e a n s  of 
a p n e u m a t i c a l l y  o p e r a t e d  l a u n c h e r  which  p r o p e l s  the  t e s t  m o d e l  u p s t r e a m  
into the  t e s t  s e c t i o n  unt i l  the  m o d e l  d r a g  o v e r c o m e s  i ts  u p s t r e a m  m o m e n -  
t u m  and the m o d e l  m o v e s  d o w n s t r e a m .  If the m o d e l  d r a g  and u p s t r e a m  
v e l o c i t y  a r e  p r o p e r l y  b a l a n c e d ,  the t i m e  fo r  m o d e l  v i e w i n g  is e s s e n t i a l l y  
double  tha t  fo r  a w i r e  r e l e a s e d  m o d e l .  Th i s  f e a t u r e  has  p r a c t i c a l  
i m p o r t a n c e  when  g a t h e r i n g  da ta  by p h o t o g r a p h i c  m e a n s  in o r d e r  to s tudy  
m o d e l  m o t i o n - t i m e  h i s t o r i e s .  

A p n e u m a t i c a l l y  o p e r a t e d  m o d e l  l a u n c h e r  was  d e v e l o p e d  u n d e r  the  
V K F  p r o g r a m  f o r  use  in the  4 0 - i n .  s u p e r s o n i c  t u n n e l  (Gas D y n a m i c  Wind 
Tunne l ,  S u p e r s o n i c  (A)) and the 5 0 - i n .  h y p e r s o n i c  t u n n e l s  (Gas D y n a m i c  
Wind T u n n e l s ,  H y p e r s o n i c  (B) and (C)). The  c o m b i n e d  o p e r a t i n g  Mach  
n u m b e r  r a n g e  of t h e s e  c o n t i n u o u s  f low t u n n e l s  is f r o m  1°5 t h r o u g h  10. 
The  l a u n c h e r  p r o v i d e s  a m e a n s  of ob t a in ing  m o d e l  d r a g  and s t a b i l i t y  da t a  
in T u n n e l s  A, B, and C and t e l e m e t e r e d  b a s e  p re s sL i r e  da ta  in T u n n e l  A. 

Dur ing  the  c o u r s e  of the  d e v e l o p m e n t ,  a m o d e l  d rop  t e c h n i q u e  was  
d e v e l o p e d  f o r  u se  in T u n n e l s  B and C to ob ta in  m o d e l  b a s e  p r e s s u r e  and  
b a s e  h e a t i n g  m e a s u r e m e n t s  by m e a n s  of t e l e m e t r y  at M a c h  6, 8, and 10. 
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This  t e c h n i q u e ,  wh ich  a l lows  r e p e a t e d  t e s t i n g  of one m o d e l  wi thou t  
i n t e r r u p t i n g  the tunne l  f low, is d e s c r i b e d  in de ta i l  in Ref.  8. 

SECTION II 
APPARATUS 

2.1 WIND TUNNELS 

Tunnels A, B, and C are continuous, closed-circuit, variable 
density wind tunnels. Tunnel A (Fig. la) has a flexible-plate-type 

nozzle which is automatically driven to produce Mach numbers from 

1.5 to 6. The tunnel has a 40- by 40-in. test section and operates at 

maximum stagnation pressures ranging from about 29 to 200 psia at 
M = 1.5 to 6, respectively, and at stagnation temperatures up to 

300°F (M = 6). Minimum operating pressures are about one-tenth 
of the maximum. 

T u n n e l s  B (Fig .  lb)  and C (F ig .  l c )  have  c o n t o u r e d  a x i s y m m e t r i c  
n o z z l e s  and 50- in .  t e s t  s e c t i o n s .  T u n n e l  B o p e r a t e s  at Mach  8 at 
s t a g n a t i o n  p r e s s u r e s  r a n g i n g  f r o m  100 to 800 p s i a  and at s t a g n a t i o n  
t e m p e r a t u r e s  up to 900°F and at Mach  6 at s t a g n a t i o n  p r e s s u r e s  r a n g -  
ing f r o m  20 to 300 p s i a  at s t a g n a t i o n  t e m p e r a t u r e s  of 390°F. T u n n e l  C 
o p e r a t e s  at Mach  10 with  s t a g n a t i o n  p r e s s u r e s  r a n g i n g  f r o m  200 to 
2000 p s i a  and at s t a g n a t i o n  t e m p e r a t u r e s  up to 1450°F. 

2.2 LAUNCHER SYSTEMS 

The pneumatically operated model launcher and its associated 
support systems were designed primarily to obtain repeatability in 
model launch velocity and to have the capability of consecutive model 
launchings with continuous tunnel operation. The launcher is mounted 

on a support which can be injected into the tunnel flow. This injection/ 
retraction sequence begins and ends in an enclosure which can be iso- 
lated from the tunnel flow to either reload models or service the launcher. 

Two separate launcher supports were developed, one for use in Tunnel A 
and the other for use in Tunnels B and C. 

2.2.1 Model Launcher 

The pneumatically operated launcher, shown in Fig. 2, is composed 

of a water-cooled stainless steel case, an aluminum piston, a stainless 

steel piston guide, and a pressure reservoir. The pressure reservoir, 
attached to the launcher case, has a volume which is several orders of 
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magnitude greater than the volume of the piston; therefore, changes m 

volume caused by movement of the piston are negligible. 

In Fig. 3, the launcher charging and firing processes are 
diagrammed. The piston is placed firmly against the O-ring, and the 
enclosed volume behind the piston is vented to vacuum conditions 
(Fig. 3a), which results in a force on the piston directed to the right, 
thus fixing its position. The pressure within the reservoir and launcher 
body is then raised from atmospheric to the desired launch pressure 
(Fig. 3b). To fire the launcher, the reservoir tank is vented into the 
O-ring enclosed volume (Fig. 3c). This equalizes the pressure every- 
where within the launcher, causing a constant force on the plston which 
results in a launch (Fig. 3d). 

2.2.2 Model Launcher Adapter 

Model adapters, bolted to the forward portion of the piston (Fig. 2), 
are easily interchangeable. The adapters used in this investigation are 

shown in Fig. 4. 

The pressure model adapter (Fig. 4a) is channeled to connect the 
model's pressure port to the reference pressure tube (Fig. 2). Pres- 
sure models are supported by the cylindrical portion of this adapter and 
by dowels which are anchored in the launcher body and extend through 
the adapter into the model. The cylindrical portion of the adapter also 
provides a surface for sealing the model reference pressure cavity. 

Channels in the drag and moment model adapters (Figs. 4b and c) 
provide a means of reducing the model internal pressure which aids in 
holding the model on the adapter. The adapters are conical frustrums 
whose outer surfac'es mate with the inner model wall. 

In order to obtain pitching motion after launch, the moment model 

adapter was built with its centerline inclined at a 10-deg angle. The 
drag model adapter was built for zero angle-of-attack releases; there- 

fore, its axis of symmetry and that of the piston were coincident. 

2.2.3 Launcher Support Systems 

The Tunnel A launcher support system, shown in Fig. 5, is an 

injection/retraction mechanism which is attached to a window opening 

on the outside wall of the tunnel. It consists of an actuator, a sliding 

valve, and a model housing. As shown in Fig. 5, the actuator is a 
piston-cylinder device with the interior of the actuator shaft serving as 

the launcher pressure reservoir. With the launcher retracted and the 
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s l i d i n g  v a l v e  c l o s e d ,  t h e  m o d e l  h o u s i n g  i s  i s o l a t e d  f r o m  t h e  t u n n e l  f l ow .  
P r e s s u r e  w i t h i n  t h i s  h o u s i n g  c a n  be  s e t  a t  e i t h e r  a t m o s p h e r i c  o r  t u n n e l  
s t a t i c  p r e s s u r e .  T h e  a c c e s s  h a t c h ,  l o c a t e d  on  t h e  h o u s i n g ,  c a n  be  r e -  
m o v e d  to  r e l o a d  m o d e l s  ( F i g .  6). F i g u r e  7 s h o w s  t h e  s y s t e m  i n s t a l l e d  
on T u n n e l  A. In t h e  b o t t o m  r i g h t - h a n d  c o r n e r  of t h i s  f i g u r e  i s  t h e  c o n -  
t r o l  p a n e l  f r o m  w h i c h  t h e  s y s t e m  is  o p e r a t e d .  

O p e r a t i o n  of  t h e  a c t u a t o r  i s  d e m o n s t r a t e d  in  F i g .  8 a s  v i e w e d  f r o m  
w i t h i n  T u n n e l  A. In F i g .  8a,  t h e  s l i d i n g  v a l v e  i s  o p e n  w i t h  t h e  l a u n c h e r  
s t i l l  c o n t a i n e d  in t h e  m o d e l  h o u s i n g .  F i g u r e  8b s h o w s  t h e  a c t u a t o r  f u l l y  
e x t e n d e d  w i t h  t h e  l a u n c h e r  in  t h e  f l o w  r e a d y  to  f i r e .  

Shown in Fig. 9 is the water-cooled launcher support system used 
in Tunnels B and C. The launcher support is attached directly to the 
Tunnel B and C injection/retraction systems which are used to inject 
the launcher from, and retract it into, a tank located directly below the 
tunnel test section (Figs. Ib and c). The tank can be vented to atmos- 
pheric pressure and opened to reload models without interrupting the 
tunnel flow. Figure i0 shows the launcher system in Tunnel C in its 
retracted and injected positions. 

2.2.4 Model Catchers 

Model catchers are used with both launcher systems. The catchers 
are simple boxes framed with stainless steel and covered with wire 
cloth. The cloth grid was small enough to prevent models from escaping 
the catcher, yet large enough to prevent complete blockage of the flow. 

The primary use of the Tunnel A model catcher (Fig. ii) is to re- 
cover telemetry packages. A nylon net, placed inside the model catcher, 
is used to cushion the impact of models containing telemetry packages. 
These recovered packages, in most cases, could be reused after minor 
repair. 

The Tunnel B and C model catcher (Figs. 10a and 12) is used pri- 
marily to protect downstream tunnel components. No gun-launched 
free-flight telemetry shots are made in these tunnels because a free- 
flight drop technique, as described in Ref. 8, is available. Figure 13 
gives the relationships between the positions of the launcher, the model 
catchers, and the upstream limits of the viewing area for the systems. 

2.3 MODELS 

T h e  m o d e l s  u s e d  in t h i s  i n v e s t i g a t i o n  w e r e  s h a r p ,  1 0 - d e g ,  h a l f -  
a n g l e  c o n e s  d e s i g n e d  a n d  b u i l t  a t  V K F .  F r e e - f l i g h t  t e s t i n g  r e q u i r e s  
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models specifically tailored to perform certain desired motions in order 
to maximize data quality. For this reason three separate model de- 
signs were used to obtain model drag, moment, and base pressure data. 
As a result of the small structural loads occurring from low launch and 
flight accelerations (I0 to I00 g), models could be constructed simply 
and with great latitude in weight and center-of-gravity variations. 

Materials used to form the aerodynamic contour of the models were 
different for the supersonic and hypersonic tests. Magnesium and 
Grade A Lava ® were used for the hypersonic tests, and Lexan ® (a poly- 
carbonate plastic) was used for the supersonic tests. The Lava models 
were used primarily to check the placement of the model catcher. They 
disintegrated upon impact and reduced the possibility of damage to down- 
stream tunnel components. 

2.3.1 Drag Models 

Drag model design is governed by the equation of horizontal transla- 
tory motion 

a x  _ C D q ~  A 
F m 

where it is assumed that V = V . From this equation it is evident that for 
a fixed model size the model mass is the only model parameter that can 
be varied. The accuracy of drag measurements is maximized at a given 
tunnel condition by obtaining the largest model acceleration (axF) com- 
patible with high speed photographic capabilities. 

The drag model designs used in the supersonic and hypersonic in- 
vestigations are given in Fig. 14. Both model types were formed of a 
thin-walled, open afterbody and a solid nose section. The desired mass 
and stability margin were obtained by varying the nose section length. 
Using this method, stability margins ranging from 0.02 to 0.22 body 
lengths could be obtained with model weights ranging from 0. 062 to 
0.12 lb. 

2.3.2 Moment Models 

When designing models to measure the damping-moment and pitching- 
moment slope, it is desirable to minimize the logarithmic decrement and to 
maximize both the number of cycles of motion and the time of flight for a 
given flight distance. Using simplified forms of the equations of motion 
(assume 0 = a and that V = V ) yields the following relations: 

5 
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1/2  

From these relations it is seen that for a given size model, these 
objectives are achieved by maximizing the mass and minimizing the 
moment of inertia. Model size should also be considered; however, it 
is usually governed by other requirements. 

M o m e n t  m o d e l  d e s i g n  f o r  t h e s e  i n v e s t i g a t i o n s  i s  g i v e n  in F i g .  15. 
T h e  m/I p a r a m e t e r  of  t h e s e  m o d e l s  w a s  m a x i m i z e d  by  u s i n g  a l i g h t  
m a t e r i a l  t o  f o r m  a t h i n - w a l l e d  a e r o d y n a m i c  c o n t o u r  a n d  b y  u s i n g  a 
h e a v y  m a t e r i a l  c o n c e n t r a t e d  at  t h e  c e n t e r  of  g r a v i t y .  T h e  m o d e l  c o r e  
w a s  t h r e a d e d  so  t h a t  t h e  m o d e l  c e n t e r  of  g r a v i t y  c o u l d  be  e a s i l y  p o s i -  
t i o n e d  at  t h e  d e s i r e d  l o c a t i o n .  

2.3.3 Base Pressure Models 

The base pressure models used in this investigation (Fig. 16) were 
constructed similar to the supersonic drag models with the addition 

of a base plate on which the telemetry package is mounted. The length 
of the metal model nose was limited by the physical dimensions of the 
telemetry package. This restriction on nose length, combined with the 
large weight of the telemetry package acting behind the desired model 
center of gravity, limited the maximum static margin to about 0.08 body 
lengths. 

2.4 TELEMETRY INSTRUMENTATION 

2.4.1 Receiving and Recording Equipment 

A high frequency, FM receiver, tunable from 55 to 260 mc and 
having a nominal discriminator bandwidth of :[600 kc, was used through- 
out these tests. The discriminator was modified to provide a d-c output 
voltage which was proportional to frequency deviation produced by a 
differential pressure application and was recorded on an oscillograph. 
Another receiver output, which was a function of the strength of the re- 
ceived RF signal, was also recorded. This gave a continuous record of 
telemeter signal strength throughout a data run, so that any erroneous 
data resulting from low signal strength might be recognized. Stub 
antennas, approximately one-quarter wavelength long and located on the 



AE DC-T R-66-I  12 

t u n n e l  w i n d o w s ,  p r o v i d e d  s a t i s f a c t o r y  s i g n a l  p i ckup .  Two  a n t e n n a s  
w e r e  u s e d ,  one  n e a r  the  m o d e l  i n j e c t i o n  s y s t e m  and one  n e a r  the  f r e e -  
f l igh t  zone .  T h e s e  a n t e n n a s  w e r e  p a r a l l e l e d  d i r e c t l y  in to  the  r e c e i v e r  
and  no p r e - a m p l i f i c a t i o n  was  r e q u i r e d .  

2.4.2 Telemeters 

2.4.2.1 Circuitry 

T h e  t e l e m e t e r s  u s e d  in t h e s e  t e s t s  w e r e  C l a p p - t y p e  o s c i l l a t o r s  
(Ref .  9) o p e r a t i n g  in the  160- to  1 8 0 - m c  f r e q u e n c y  r a n g e .  V a r i a b l e  
c a p a c i t a n c e - t y p e  p r e s s u r e  t r a n s d u c e r s  p r o v i d e d  d i r e c t  f r e q u e n c y  m o d u -  
l a t i o n  as  a f u n c t i o n  of d i f f e r e n t i a l  p r e s s u r e  a c r o s s  the  t r a n s d u c e r  
(F ig .  17). T h i s  C l app  c o n f i g u r a t i o n  was  c h o s e n  b e c a u s e  the  C o l p i t t s -  
t y p e  t e l e m e t e r s  p r e v i o u s l y  u s e d  (Ref s .  8 and 10) r e q u i r e d  s h i e l d i n g  to 
p r e v e n t  e x t r a n e o u s  f r e q u e n c y  s h i f t s  c a u s e d  by  p r o x i m i t y  e f f e c t s ,  
w h e r e a s  the  C lapp  t y p e  d id  not .  C u r r e n t  d r a i n  was  n o m i n a l l y  1 m a  
f r o m  the  5 . 4 - v  s o u r c e .  

T e l e m e t e r  s e n s i t i v i t i e s  to  d i f f e r e n t i a l  p r e s s u r e s  a p p l i e d  to  the  
t r a n s d u c e r s  w e r e  a d j u s t e d  to  n o m i n a l l y  60 k c / 0 . 0 1  p s i d  by the  a d d i t i o n  
of a 10-p f  p a d d e r  c a p a c i t o r  a c r o s s  t he  t r a n s d u c e r  (F ig .  17). T h i s  
s e n s i t i v i t y  s e t t i n g  p r o v i d e d  a d i f f e r e n t i a l  p r e s s u r e  r a n g e  c o v e r a g e  of 
n o m i n a l l y  +0 .05  p s i d .  The  m a x i m u m  s e n s i t i v i t y  a v a i l a b l e  f r o m  t h i s  
t e l e m e t e r  (no p a d d e r  c a p a c i t o r )  is  n o m i n a l l y  60 k c / 0 .  003 p s i d .  

2.4.2.2 Transducers 

A s k e t c h  of the  v a r i a b l e - c a p a c i t a n c e  d i f f e r e n t i a l  p r e s s u r e  t r a n s -  
d u c e r  is  s h o w n  in F ig .  18. Q u i e s c e n t  c a p a c i t a n c e  of t h i s  t r a n s d u c e r  
is  n o m i n a l l y  10 pf. A c a p a c i t a n c e  c h a n g e  of n o m i n a l l y  0 . 6  pf r e s u l t s  
f r o m  the  a p p l i c a t i o n  of 0. 1 p s i d .  T h e  t r a n s d u c e r  d i a p h r a g m  is p r e -  
s t r e s s e d  o v e r  the  s u p p o r t  d i a m e t e r  of the  c a s e  and a f f i xed  by a s e r i e s  
of o v e r l a p p i n g  spo t  w e l d s  to f o r m  a p r e s s u r e - t i g h t  s e a l .  R e s p o n s e  t i m e  
of t h i s  t r a n s d u c e r  to a p r e s s u r e  s t e p  of 0. 1 p s i a  a p p l i e d  to  the  p r e s s u r e  
p o r t  is  l e s s  t h a n  2 m s e c .  A p r e s s u r e - l a g  s y s t e m  i n c o r p o r a t e d  in the  
r e f e r e n c e  p r e s s u r e  s i de  of the  t r a n s d u c e r  m a i n t a i n s  r e f e r e n c e  p r e s -  
s u r e  at an  e s s e n t i a l l y  c o n s t a n t  v a l u e  d u r i n g  the  f r e e - f l i g h t  p e r i o d .  T h e  , 
a p p l i c a t i o n  of a 0. 1 - p s i a  s t e p  to  the  r e f e r e n c e  p r e s s u r e  p o r t  r e s u l t s  in 
a r e f e r e n c e  p r e s s u r e  c h a n g e  at  the  d i a p h r a g m  of 1 p e r c e n t  o r  l e s s  in 
200 m s e c .  D u r i n g  the  f r e e - f l i g h t  t e s t s ,  the  p r e s s u r e  m e a s u r e m e n t  and  
r e f e r e n c e  p o r t s  of the  t r a n s d u c e r  w e r e  bo th  c o n n e c t e d  to the  s a m e  m o d e l  
b a s e  p r e s s u r e  o r i f i c e .  
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2.4.2.3 Construction Techniques 

T e l e m e t e r  p a c k a g e s ,  c a s t  in l i g h t w e i g h t  ( s p e c i f i c  g r a v i t y  = 0 . 8 5 )  
e p o x y  r e s i n  f o r  s h o c k  a n d  t h e r m a l  i s o l a t i o n ,  w e r e  s e c u r e d  to  t h e  m o d e l  
b a s e  p l a t e .  A d d i t i o n a l  t h e r m a l  i s o l a t i o n  w a s  p r o v i d e d  b y  a n  a i r  s p a c e  
b e t w e e n  t e l e m e t e r  p a c k a g e  a n d  m o d e l  w a l l .  P r e s s u r e  r o u t i n g  s y s t e m s  
w e r e  r e q u i r e d  in t h e  t e l e m e t e r  p a c k a g e  to c o n n e c t  b o t h  t r a n s d u c e r  
p o r t s  to  a c o m m o n  b a s e  p r e s s u r e  o r i f i c e ,  a s  d e s c r i b e d  p r e v i o u s l y .  
H o w e v e r ,  i n d e p e n d e n t  a c c e s s  to  t h e  t r a n s d u c e r  p o r t s  w a s  r e q u i r e d  f o r  
s t a t i c  c a l i b r a t i o n s .  T h e  m e t h o d  u s e d  to  a l l o w  s t a t i c  c a l i b r a t i o n s  i s  
o u t l i n e d  in F i g .  19, w h i c h  s h o w s  t h e  p r e s s u r e  r o u t i n g  s y s t e m s  c o n -  
t a i n e d  w i t h i n  t h e  t e l e m e t e r .  C a l i b r a t i o n s  w e r e  p e r f o r m e d  b e f o r e  t h e  
b a s e  p l a t e  w a s  p e r m a n e n t l y  s e c u r e d .  T h e  p l a s t i c  a n d  s t e e l  t u b i n g  i n -  
s e r t e d  i n t o  t h e  p r e s s u r e  p a s s a g e  f o r m e d  a s a t i s f a c t o r y  p r e s s u r e  s e a l  
f o r  i s o l a t i o n  b e t w e e n  t r a n s d u c e r  p o r t s  d u r i n g  c a l i b r a t i o n .  It w a s  
a s s u m e d  t h a t  r e l a t i v e l y  l a r g e  d i a m e t e r  p r e s s u r e  r o u t i n g  c h a n n e l s  d id  
n o t  c o n t r i b u t e  to  t h e  p r e s s u r e  l a g  of  t h e  s y s t e m .  T h i s  w a s  b a s e d  on  a 
m e a s u r e d  l a g  ( t r a n s d u c e r  o n l y )  of  a b o u t  10 m s e c  t h r o u g h  4 in.  of  
0. 0 3 2 - I D  t u b i n g  w i t h  a 0. 1 - p s i a  p r e s s u r e  s t e p  a p p l i e d .  

F i g u r e  20 s h o w s  t e l e m e t e r  p a c k a g e s  d u r i n g  v a r i o u s  s t a g e s  of  c o n -  
s t r u c t i o n .  T h e  m o l d e d  e p o x y  r e s i n  c y l i n d e r  c o n t a i n i n g  t h e  p r e s s u r e  
r o u t i n g  s y s t e m s  w a s  m o d i f i e d  to  a c c e p t  t h e  t r a n s d u c e r .  A f t e r  s e a l i n g  
t h e  t r a n s d u c e r  in  p l a c e ,  t h e  c i r c u i t r y  w a s  c o n s t r u c t e d  o n  t o p  of  t h e  
t r a n s d u c e r ,  a f t e r  w h i c h  t h e  f i n a l  m o l d i n g  w a s  p e r f o r m e d .  

SECTION III 
PROCEDURE 

3.1 PRELIMINARY TESTS 

3.1.1 Launcher Calibration 

T h e  l a u n c h e r  w a s  c a l i b r a t e d  p r i o r  to  t h e  t u n n e l  t e s t s  to  d e t e r m i n e  
t h e  r e l a t i o n s h i p  b e t w e e n  r e s e r v o i r  p r e s s u r e  a n d  l a u n c h  v e l o c i t y  f o r  
g i v e n  m a s s e s .  O n l y  t h e  l o w e r  t h i r d  o f  t h e  l a u n c h e r ' s  c a p a b i l i t y  w a s  
c a l i b r a t e d ,  s i n c e  t h i s  r a n g e  m o r e  t h a n  a d e q u a t e l y  c o v e r e d  a l l  of  t h e  
n e c e s s a r y  t e s t  c o n d i t i o n s .  

The calibration procedure consisted of launching spheres of a known 
mass through two parallel light beams located a known distance apart. 
A digital counter, used in conjunction with two photocells, recorded the 
elapsed time between interruptions of the light beams. The results of the 
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c a l i b r a t i o n s  a r e  s h o w n  in  F ig .  21. O v e r  t he  r a n g e  of v a r i a b l e s  c a l i -  
b r a t e d ,  t h e  l a u n c h e r  p r o v e d  to  be r e p e a t a b l e  to w i t h i n  abou t  1 f t / s e c .  

3.1.2 Model Parameter Measurements 

P r i o r  to the  t u n n e l  t e s t s ,  a l l  m o d e l  p a r a m e t e r s  n e c e s s a r y  f o r  d a t a  
r e d u c t i o n  and  f o r  d e t e r m i n i n g  l a u n c h  c o n d i t i o n s  w e r e  m e a s u r e d .  T h e  
l o n g i t u d i n a l  c e n t e r - o f - g r a v i t y  p o s i t i o n  and  l a t e r a l  m a s s  m o m e n t  of 
i n e r t i a  w e r e  d e t e r m i n e d  o n l y  f o r  the  m o m e n t  m o d e l s .  

Al l  m o d e l  d i m e n s i o n s  w e r e  d e t e r m i n e d  to  w i t h i n  0. 001 in. T h e  
m o d e l  m a s s  w a s  d e t e r m i n e d  to 0. 0001 g m  u s i n g  a p r e c i s i o n  a n a l y t i c a l  
b a l a n c e .  M e a s u r e m e n t s  of m o d e l  c e n t e r - o f - g r a v i t y  p o s i t i o n  a n d  m o m e n t  
of  i n e r t i a  w e r e  m a d e  u s i n g  a b e a m - b a l a n c e  d e v i c e  and  a t o r s i o n a l  
p e n d u l u m  d e v i c e ,  r e s p e c t i v e l y .  B y  u s i n g  t h e s e  s y s t e m s ,  t he  c e n t e r  of 
g r a v i t y  of a p r e c i s e l y  c o n s t r u c t e d  m o d e l  c a n  be  d e t e r m i n e d  to  w i t h i n  
+0. 002 i n . ,  and  the  m o m e n t  of i n e r t i a  c a n  be d e t e r m i n e d  to  w i t h i n  
+ 0 . 2 0  p e r c e n t .  

3.1.3 Telemeter Calibrations 

T h e  e n t i r e  p r e s s u r e  t e l e m e t e r  p a c k a g e  w a s  p l a c e d  in a b e l l  j a r  and  
m a i n t a i n e d  at  s o m e  a r b i t r a r y  r e f e r e n c e  p r e s s u r e  n e a r  1 p s i a  d u r i n g  
s t a t i c  c a l i b r a t i o n s .  Spot  c h e c k s  at  r e f e r e n c e  p r e s s u r e s  b e t w e e n  0. 002 
and  4 p s i a  w e r e  m a d e  to v e r i f y  t ha t  no c a l i b r a t i o n  s e n s i t i v i t y  c h a n g e s  
a r o s e  f r o m  c h a n g e s  in a m b i e n t  p r e s s u r e  l e v e l .  D i f f e r e n t i a l  p r e s s u r e s  
a p p l i e d  to  t he  t e l e m e t e r s  w e r e  v e r i f i e d  wi th  a p r e c i s i o n  m i c r o m a n o m e t e r  
h a v i n g  a n o m i n a l  r e s o l u t i o n  of +0. 000067 p s i d .  

The pressure telemeters used in these tests required calibration with 
both increasing and decreasing pressure differentials. A sweep pres- 
sure technique was devised to perform these calibrations. A sketch of 
this calibration system is shown in Fig. 22. The desired reference pres- 
sure was established in both bell jars, with no differential pressure be- 
tween jars. The pressure in the bell jar common to the transducer 
reference port (lag system) was then increased until telemeter frequency 
deviation (and resulting galvanometer deflection) was approximately 
(minus) full scale. After the transducer's lag system had equalized, the 
bleed valve to the nonreference bell jar (common to the transducer's 
pressure port) was opened. As a result, the differential pressure 
applied to the telemeter would sweep from (minus) full scale, through 

zero, to (plus) full scale, resulting in a complete, continuous calibration 
plot. Two wafer gages (Ref. II), whose calibrations were established 
using the rnicromanometer, allowed the differential pressure applied to 
the telemeter at any instant to be determined. A sample sweep calibra- 
tion trace for one of these telemeters is shown in Fig. 23. Sweep and 
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p o i n t - b y - p o i n t  c a l i b r a t i o n  t e c h n i q u e s  w e r e  found to y i e l d  i d e n t i c a l  
r e s u l t s j  h o w e v e r ,  c a l i b r a t i o n  t i m e s  w e r e  r e d u c e d  by as m u c h  as 
75 p e r c e n t  u s i n g  the s w e e p  m e t h o d .  

Pre-test telemeter calibration repeatabilities within 2 percent of 
reading were typical. Post-test calibration checks generally were not 
performed because the battery pack was usually broken off at a weak 
point in the package structure (see Fig. 20). However, the installation 
of new batteries showed calibrations generally to be within 5 percent of 
pre-test values. 

3.2 TUNNEL TESTING 

3.2.1 Drag and Moment Measurements 

Model  d rag ,  damping ,  and p i t c h i n g - m o m e n t  r a t e  m e a s u r e m e n t s  
a r e  ob t a ined  by a n a l y z i n g  the  m o d e l  m o t i o n - t i m e  h i s t o r i e s .  T h e s e  
h i s t o r i e s  a r e  ob t a ined  by p h o t o g r a p h i c  m e a n s .  Mode l s  w h i c h  a r e  
l a u n c h e d  at z e r o  ang le  of a t t a c k  m a y  be p h o t o g r a p h e d  us ing  a m u l t i e x -  
p o s u r e  t e c h n i q u e  wh ich  p r o d u c e s  s e v e r a l  m o d e l  e x p o s u r e s  on a s i n g l e  
8- by 10- in .  p h o t o g r a p h i c  p la te .  The  p r i m e  a d v a n t a g e  of th i s  t e c h n i q u e  
is that  one p h o t o g r a p h  m a y  be u s e d  to ob ta in  the m o d e l ' s  t r a j e c t o r y .  
One d i s a d v a n t a g e  in u s i n g  the  t e c h n i q u e  is that  n o n p a r a l l e l  l igh t  p r o d u c e s  
p a r a l l a x ;  h o w e v e r ,  the a m o u n t  to be e x p e c t e d  m a y  be  e a s i l y  m e a s u r e d .  
P r i o r  to e a c h  tunne l  run,  s e v e r a l  p h o t o g r a p h i c  p l a t e s  a r e  e x p o s e d  to a 
s e r i e s  of whi te  g r i d  l i n e s  on a b l a c k  b a c k g r o u n d  which  a r e  l o c a t e d  on the 
tunne l  c e n t e r l i n e .  T h e s e  p r e - e x p o s e d  p l a t e s  a r e  then  u s e d  to p h o t o g r a p h  
the m o d e l ' s  f l ight  (Fig .  24). 

Models which are launched at an initial angle of attack to obtain 
damping data may be photographed using this technique; however, con- 
siderable overlapping of the model images occurs, and the resolution in 
measuring angle of attack is greatly decreased. An example of this is 
shown in Fig. 24b. All data on oscillating models were obtained by using 
a high speed (4000-frames/sec) 16-ram motion-picture camera. 

3.2.1.1 Drag Data Reduction 

The  t r a n s l a t i o n a l  e q u a t i o n  of m o t i o n  d e v e l o p e d  in Appendix  I fo r  a 
m o d e l  d e c e l e r a t i n g  in f r e e  f l ight  is  g iven  as  

it = - p ~  V2A C D 
2m 

Forms of this equatlon from which the drag coefficient may be extracted 
using information obtained in the free-flight tests are given with respect 
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to the  tunne l  f ixed  c o o r d i n a t e  s y s t e m  and m e d i a  f ixed  c o o r d i n a t e  s y s t e m ,  
r e s p e c t i v e l y ,  as 

and 

where 

CD E = 2m ax T 
P~AV~F 

CDE =-2----~m a--0--- In (l + ~ )  1 
p A aX F 

X F = Vo.L + X T 

and 

VXF = Vz¢ + VXT 

D r a g  da ta  w e r e  r e d u c e a  u s i n g  both of the  above  r e l a t i o n s ,  and the a g r e e -  
m e n t  was  e x c e l l e n t .  

The  X T v e r s u s  t c u r v e  (F ig .  25) o b t a i n e d  f r o m  the  p h o t o g r a p h s  was  
d i f f e r e n t i a t e d  to ob ta in  aXW a n d  VXT as a f u n c t i o n  of t i m e .  T h e s e  r e l a t i o n -  

sh ips  w e r e  s u b s t i t u t e d  into  the p r e c e d i n g  e q u a t i o n s  to ob ta in  the  d r a g  
c o e f f i c i e n t  as a func t ion  of t i m e  o r  d i s t a n c e .  E f f e c t i v e  a n g l e s  of a t t a c k  
w e r e  ob ta ined  f o r  t h e s e  d r a g  c o e f f i c i e n t s  by the  r e l a t i o n  

Gn ~ QO 
= 4tn' ./ lto 

3.2.1.2 Pitching-Moment Data Reduction 

N e g l e c t i n g  the e f f ec t s  of g r a v i t y  and a s s u m i n g  Cmo = CNo = 0, the 
equa t ion  of p l a n a r  f r e e - f l i g h t  a n g u l a r  m o t i o n  is g iven  in Append ix  I as  

a " +  D l a ' +  D, a = 0 

The  d i m e n s i o n l e s s  d a m p i n g - i n - p i t c h  d e r i v a t i v e  c o e f f i c i e n t s  and 
p i t c h i n g - m o m e n t  s lope  c o e f f i c i e n t  w e r e  ob t a ined  f r o m  e a c h  m o d e l  
f l ight  u s i n g  the a m p l i t u d e - d i s t a n c e  h i s t o r y  (Fig .  26) and the  fo l l owing  
r e l a t i o n s .  

a = aoe T XFco s (~XF + y) 

w h e r e  P, = VD'-~ 

D, = - 2  f~ In R/2rr CyR 

11 
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Cm a = -2rod (~__~2 ~2 
p~ A 

D a m p i n g - m o m e n t  c o e f f i c i e n t s  w e r e  e v a l u a t e d  u s i n g  CNa 
f r o m  c o n i c a l  f l ow t h e o r y .  

values obtained 

T o  c h e c k  r e s u l t s  o b t a i n e d  by  t h i s  m e t h o d ,  d a t a  w e r e  a l s o  r e d u c e d  
u s i n g  t i m e  as  the  i n d e p e n d e n t  v a r i a b l e  by  a s s u m i n g  t h a t  V = V . T h i s  
c o n s t a n t  v e l o c i t y  a s s u m p t i o n  w a s  v a l i d  f o r  t h e s e  t e s t s  s i n c e  V T w a s  
a b o u t  1 p e r c e n t  of  V 

T h e  p r e v i o u s  r e l a t i o n s h i p s  m a y  t h e n  be w r i t t e n  as  

C1 - T t  
a = aoe cos (rot + y) 

w h e r e  
- v - a 7  

Cmq 

C~ = - 2~o In R/2n CYr I 

= 2('_ a '~2[-2CI m ] 
+ Cmh ~-d-] LP-~-~-'~A CD + cNa 

J 
Cm a --2md (~_.2 co 2 

= p~ V~A \ d }  

T h e  m e a n  a m p l i t u d e  of o s c i l l a t i o n  f o r  t he  d a t a  i n t e r v a l  (AXF = 2~ CYR/~ 
o r  At = 2rtCyR/to) o v e r  w h i c h  t h e s e  c o e f f i c i e n t s  w e r e  o b t a i n e d  w a s  
e v a l u a t e d  by  the  f o l l o w i n g :  

t ~ - ~ I ~ 

3.2.2 Base Pressure Measurements 

T h e  p r o c e d u r e  u s e d  f o r  o b t a i n i n g  the  m o d e l  b a s e  p r e s s u r e  d a t a  w a s  
to i n s t a l l  t he  m o d e l  on t h e  l a u n c h e r  and  r e g u l a t e  the  t r a n s d u c e r  r e f e r e n c e  
p r e s s u r e  u n t i l  the  d e s i r e d  l e v e l  w a s  r e a c h e d .  N o r m a l l y ,  t h i s  r e f e r e n c e  
p r e s s u r e  w a s  s e t  a t  a v a l u e  c o r r e s p o n d i n g  to the  e x p e c t e d  m o d e l  b a s e  
p r e s s u r e ,  t h u s  m i n i m i z i n g  the  Ap c h a n g e .  O n c e  the  r e f e r e n c e  p r e s s u r e  
h a d  s t a b i l i z e d ,  the  hp = 0 c o n d i t i o n  f o r  the  t e l e m e t e r - t r a n s d u c e r  w a s  
e s t a b l i s h e d .  T h e  m o d e l  w a s  t h e n  i n j e c t e d  in to  the  t u n n e l ,  and  a f t e r  the  
r e c e i v e r  t u n i n g  w a s  c h e c k e d ,  t he  l a u n c h  w a s  i n i t i a t e d .  

T h e  ou tpu t  of  the  t e l e m e t e r  w a s  r e c o r d e d  on an  o s c i l l o g r a p h ,  and  t h e  
m o d e l  r e f e r e n c e  p r e s s u r e  w a s  r e c o r d e d  w i t h  t u n n e l  t r a n s d u c e r  i n s t r u -  
m e n t a t i o n .  A h igh  s p e e d  c a m e r a  w a s  u s e d  in c o n j u n c t i o n  w i t h  t he  t u n n e l  
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schlieren system to record the model attitude during the time of the 
base pressure data acquisition. The measured ~p, when added 
algebraically to the model reference pressure, yields the model base 
pressure. 

During the tests in Tunnel A, the model was attached to the 
launcher in a manner which provided an O-ring seal from the reference 
pressure line to the base of the model. In addition, the model was held 
in place by two dowel pins as described in Section 2.2.2. During the 
release of the model at the end of the piston stroke, the O-ring was 
forced to slide free of the model adapter, thus inducing the possibility 
of the model separating at an angle of attack other than zero. Some of 
the runs showed the model to be oscillating at small angles of attack 
(a< 2 deg). Base pressure data from the same runs indicated the model 
base pressure to be oscillating also. 

Tests performed on the pressure telemeters used for data acquisi- 
~.ion indicated that acceleration effects may be ignored in the data pre- 
sented herein. Tests conducted both with the transducer at atmospheric 
pressure and at 0. 1 torr showed that no significant difference in 
acceleration effects occurred as a function of absolute pressure. The 
results indicated that accelerations perpendicular to the diaphragm pro- 
duce an output corresponding to a pressure reading of nominally 
0.0002 psid/g, whereas accelerations parallel to the diaphragm contrib- 
ute an output corresponding to about 0.00004 psid/g. Transducer 
diaphragms were oriented in the models parallel to the launch accelera- 
tion vector. For this orientation, acceleration effects correspond to a 
maximum readout error of about 0. 00025 psid for the maximum axial 
deceleration during free flight or a maximum of about 0. 0003 psid for a 
+6-deg model oscillation at 12 cps. 

Telemeter operating frequency and output sensitivity (kc/psid) are 
both functions of temperature. Operating frequency varies with tem- 
perature at a rate of about 25 kc/°F (0.0015 percent/°F of absolute 
frequency or about 4 percent/°F of data bandwidth), whereas sensitivity 
changes are about 0.2 percent/°F (Ref. 10). A series of models was 
exposed to the tunnel flow prior to launching for several minutes, and 
no telemeter center frequency drifts were observed. Errors from this 
source were considered negligible during the normal launch cycle. 

SECTION IV 
RESULTS AND DISCUSSION 

The models used in the present tests to obtain free-flight drag, 
damping, pitching-moment rate, and base pressure data were all sharp, 
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1 0 - d e g ,  h a l f - a n g l e  c o n e s  h a v i n g  a b a s e  d i a m e t e r  o f  2 in.  T h e s e  d a t a  
w e r e  o b t a i n e d  in b o t h  T u n n e l s  A a n d  C; h o w e v e r ,  no  b a s e  p r e s s u r e  
t e s t s  w e r e  a t t e m p t e d  in T u n n e l  C u s i n g  t he  m o d e l  l a u n c h e r ,  s i n c e  
t h e s e  d a t a  m a y  be  o b t a i n e d  in t h e  m a n n e r  d e s c r i b e d  in R e f .  8. 

4.1 MODEL DRAG MEASUREMENTS 

D r a g  d a t a  o b t a i n e d  d u r i n g  t h e  t e s t s  in  T u n n e l s  A a n d  C a r e  s h o w n  
in F i g .  27 a s  t h e  e f f e c t i v e  d r a g  c o e f f i c i e n t  (CDE) v e r s u s  t h e  m e a n  
s q u a r e  a n g l e  of  a t t a c k  (62). T h e s e  d a t a  s h o w  the  e x p e c t e d  t r e n d  of  i n -  
c r e a s i n g  d r a g  w i t h  m o d e l  a n g l e  of  a t t a c k .  T h e  M a c h  4 d a t a  s h o w  a 
m o r e  r a p i d  r i s e  w i t h  a n g l e  of  a t t a c k  t h a n  is  e x p e c t e d ;  h o w e v e r ,  t h e s e  
d a t a  w e r e  o b t a i n e d  a t  a R e y n o l d s  n u m b e r  w h e r e  m o d e l  b a s e  d r a g  is  
c h a n g i n g  w i t h  a n g l e  of  a t t a c k .  

Z e r o  a n g l e - o f - a t t a c k  d r a g  d a t a  a r e  s h o w n  in F i g .  28 a s  a f u n c t i o n  
of  M a c h  n u m b e r  a n d  a r e  c o m p a r e d  w i t h  d a t a  o b t a i n e d  f r o m  Ref .  12. 
As  m a y  be  s e e n ,  t h e  d a t a  a g r e e  w e l l  w i t h  t h e  i n v i s c i d  p r e s s u r e  d r a g  
p l u s  b a s e  d r a g  at  %.I = 4; h o w e v e r  a t  M~ = 10 t h e  a g r e e m e n t  i s  n o t  g o o d  
s i n c e  a v i s c o u s  d r a g  is  p r e s e n t .  F i g u r e  29 s h o w s  f r e e - f l i g h t  d r a g  d a t a  
o b t a i n e d  a t  M~ = 10 a s  a f u n c t i o n  of  R e y n o l d s  n u m b e r .  T h e  i n v i s c i d  
p r e s s u r e  d r a g  i s  a b o u t  65 p e r c e n t  of  t h e  t o t a l  d r a g ,  a n d  t h e  b a s e  d r a g  is  
a b o u t  7 p e r c e n t  of  t h e  t o t a l .  T h e  r e m a i n i n g  p o r t i o n  of  t h e  t o t a l  d r a g  i s  
a t t r i b u t a b l e  to  v i s c o u s  e f f e c t s .  

F i g u r e  30 s h o w s  t h e  v i s c o u s  d r a g  c o e f f i c i e n t  (ACD,) a s  a f u n c t i o n  of  
t h e  h y p e r s o n i c  v i s c o u s  p a r a m e t e r  ( ~ )  ( p r o p o s e d  by  W h i t f i e l d  a n d  
G r i f f i t h  in R e f .  13). T h e  p r e s e n t  d a t a  a n d  p r e v i o u s  T u n n e l  C r e s u l t s  
(Re f .  14) a n d  d a t a  f r o m  R e f .  15 a r e  c o m p a r e d  w i t h  p r e d i c t i o n s  of  v i s c o u s  
d r a g  b a s e d  on  c o n i c a l  s h o c k  t h e o r y  (Ref .  16) a s  o u t l i n e d  in R e f .  14. T h e  
a g r e e m e n t  of t h e  p r e s e n t  d a t a  w i t h  t h e o r y  and  t h e  r e f e r e n c e d  d a t a  i s  g o o d .  

4.2 MODEL MOMENT MEASUREMENTS 

M o d e l  d a m p i n g  a n d  p i t c h i n g - m o m e n t  r a t e  d a t a  a r e  s h o w n  in F i g .  31 
f o r  M a c h  4 a n d  10 a s  t h e  e f f e c t i v e  d a m p i n g - i n - p i t c h  d e r i v a t i v e s  a n d  t he  
e f f e c t i v e  p i t c h i n g - m o m e n t  c u r v e  s l o p e  v e r s u s  t h e  m e a n  a n g l e  of  a t t a c k .  
T h e  M a c h  4 d a m p i n g  d a t a  ( F i g .  31a)  a r e  c o m p a r e d  w i t h  d a t a  o b t a i n e d  by  
U s e l t o n  in  Re f .  17 w i t h  a s t i n g - m o u n t e d  m o d e l  a n d  s h o w  g o o d  a g r e e m e n t .  
B o t h  s e t s  of  e x p e r i m e n t a l  d a t a  a r e  in  g o o d  a g r e e m e n t  w i t h  B r o n g ' s  f l o w  
f i e l d  t h e o r y  (Ref .  18) bu t  a r e  s o m e w h a t  h i g h e r  t h a n  T o b a k ' s  p o t e n t i a l  
f l o w  t h e o r y  (Re f .  19). T h e  M a c h  4 p i t c h i n g - m o m e n t  d a t a  o b t a i n e d  d u r i n g  
t h e  t e s t s  i n c r e a s e  w i t h  a n g l e  of  a t t a c k .  T h i s  i n c r e a s e  i s  u n e x p l a i n e d  a t  

14 
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this time. The lower amplitude data agree well with conical flow theory 
and with Uselton's results. 

The Mach i0 data (Fig. 31b) show excellent agreement with data 
from Ref. 20, obtained with a sting-mounted model, and with both flow 
field theory (damping data) and conical flow theory (pitching-moment 
data). 

4.3 MODEL BASE PRESSURE MEASUREMENTS 

Model base pressure data were obtained using telemetry from 

models in free flight in Tunnel A at Mach 4. Sketches from typical 
runs representing the variation of an increment of model base pres- 

sure (Ap) with time are shown in Fig. 32. Shown is a sketch of model 

base Ap having only a slight oscillation and one which shows a rather 
large Ap oscillation. The data were obtained at Re~ : 2 x 106 and are 

compared in Fig. 33 with data from a sting-supported model tested in 

Tunnel A. ,411 of the free-flight data obtained at this Reynolds number 
have ~\p oscillation amplitudes which range between those shown in 
Fig. 32. The data points shown in Fig. 33 represent the maximum 

Pb/P~ obtained during the run and correspond to a = 0, and the bar ex- 

tending below the points represents the range of the pressure variation 
caused by angles other than zero. 

The model oscillation amplitudes were less than 2 deg, and the 

frequency was twice that of the Ap oscillation. This is to be expected, 
since the base pressure variation with angle of attack (small angles) 
would peak at zero angle of attack and would be a minimum at the 
greatest angle of attack. The results in Fig. 33 show that the free- 
flight data obtained at a Reynolds number (Re~ --2 x 106) correspond to 

the case where the near wake is transitional. When transition is located 

in the near wake at a = 0, it will move toward the base on the leeward 

side as the model is pitched. This will cause the model base pres- 

sure to decrease. Figure 34 shows the variation of Pb~P~ with angle of 
attack for a sting-supported, 10-deg, half-angle cone at M = 4. These 
data were obtained at a Reynolds number (Re~ = 2.62 x I06) where 
transition is very near but downstream of the model base at a = 0. 

SECTION V 
CONCLUDING REMARKS 

,4 means of obtaining free-flight data in the VKF continuous flow 

tunnels has been developed. Model drag, damping, and pitching- 

moment rate data may be measured at Mach numbers ranging from 

1.5 through I0. Model base pressure data may be measured at Mach 

15 
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numbers ranging from I. 5 through 6. Repeated model launching may 
be made without interrupting tunnel operation. Data obtained during 
the system evaluation show good repeatability in the measurements 
and good agreement with theoretical predictions. 
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Fig. 6 Model Housing (Hatch Open) 

Fig. 7 System Installed on Tunnel A 
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Fig. 13 Trajectory Parameters 
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a. Nonoscillating Model 

b. Oscillating Model 

Fig. 24 Multi-Exposure Photographs 
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APPENDIX I 

DERIVATIONS OF THE EQUATIONS OF MOTION 

COORDINATE SYSTEMS 

The equations of motion are developed using the axeb systems 

shown in Fig. (I-i). Model position and orientation are determined 
relative to a media fixed coordinate system (X F, YF, Z~) in a manner 

analogous to that of a ballistic range. The XT, YT, ZT are the tunnel 
coordinates (inertial reference) and are fixed in space at t = 0. The 

Xm, Ym, Zm system has its origin fixed at the model center of mass 

and, like the media fixed system, remains parallel to the tunnel fixed 
system. The body axes (X, Y, Z) are fixed in the model with their 

origin at the center of mass. The angular orientation of this system 

relative to the Xm, Ym, Zm system and inertial space is given by the 
Euler angles 0, 0, and ¢. The origins of all four systems occupy the 
same point in space at t = 0. 

Shown in Fig. (I-I) are the coordinate systems at t > 0. The 
horizontal distance XF from the model center of gravity to the 

XF, YF, ZF system is defined as follows: 

XF = V~t + XT 

Taking derivatives with respect to time yields expressions for 

velocity and acceleration referenced to the moving gas media 

VXF = V~ + VXT 

a x = a X T  

N o t e  t h a t  t h e  h o r i z o n t a l  a c c e l e r a t i o n  i s  e q u a l  in  v a l u e  f o r  b o t h  t h e  
i n e r t i a l  a n d  m e d i a  f i x e d  s y s t e m s .  

EQUATIONS OF MOTION 

As is customary in the treatment of the motion of a rigid body, the 
equations of motion will be developed relative to the body fixed axes. 

The equations of motion derived from basic vector considerations are: 

dt 

dt 
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T h e s e  e q u a t i o n s  a r e  t a k e n  w i t h  r e s p e c t  t o  s p a c e  f i x e d  a x e s ;  t h e r e -  
f o r e ,  i t  i s  n e c e s s a r y  t o  t r a n s f o r m  t h e m  t o  a c c o u n t  f o r  t h e  r o t a t i o n  o f  
t h e  b o d y  a x e s .  T h i s  i s  d o n e  b y  u s i n g  t h e  w e l l - k n o w n  t r a n s f o r m a t i o n  f o r  
t h e  r a t e  o f  c h a n g e  o f  a n y  v e c t o r  f r o m  f i x e d  to  r o t a t i n g  a x e s  a s  f o l l o w s :  

dt 

ag x fi=x  
dt 

T h e  a b o v e  e q u a t i o n s  m a y  b e  w r i t t e n  i n  t h e  f o l l o w i n g  s c a l a r  f o r m s :  

m (ti + qw - rv) = (~:F)X 

m (~ + ru - pw) = (YF)y 

m (~'v + p v -  uq)  = ( E F )  Z 

lx~ + (I Z - Iy ) rq  - IXZ(; + qp) + IxY (rp - c~) + Iyz  @2 _ q2) = (yM) X 

Iy~ 1 + (I x - IZ) pr - l xy  (13 + rq) + I y z  ( p q -  [ )  + l x z ( p 2 -  r:) = (EM)y 

Iz~ + ( I y -  Ix )qP  - Iyz  (~t + pr) + IXZ (qr - ~) + IXy (qa _p2) = (EM)z 

F i g .  

(I-1) 

R o l l ,  

( I - l )  a s  f o l l o w s -  

p = ¢ - ~  sin 0 

q = 0 cos q5 + ~ cos 0 sin q~ 

r = d cos 0 cos ¢ - 0 sin q5 

p i t c h ,  a n d  y a w  r a t e s  i n  t h e  g e n e r a l  c a s e  m a y  b e  o b t a i n e d  f r o m  

( i - 2 )  

T o  b e g i n  t h e  d e v e l o p m e n t  o f  t h e  e q u a t i o n s  o f  m o t i o n  f o r  a m o d e l  
o s c i l l a t i n g  in  p l a n a r  m o t i o n ,  i t  w i l l  b e  a s s u m e d  t h a t :  

1. M o d e l  m o t i o n  i s  c o n f i n e d  t o  t h e  XTZ T p l a n e  
(v= p= r = ¢ =0) ,  

2. O n l y  f i r s t  o r d e r  l i n e a r  a e r o d y n a m i c s  e x i s t s ,  

3. T h e  m o t i o n  i s  d e s c r i b e d  b y  a, q, a n d  d ,  a n d  

4.  M o d e l  m o t i o n  i s  l i m i t e d  t o  s m a l l  a n g u l a r  e x c u r s i o n s  
(a, 0 << 1). 
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A s s u m p t i o n  1 r e d u c e s  Eqs .  (I-1)  and (I-2)  to 

m(~ + qw) = (~.F)x 

r e ( z ; -  uq) = (•F) z 

IY~I = My 

(I-3) 

(I-4) 

(I-5) 

(1-6) 

The a e r o d y n a m i c  f o r c e s  and m o m e n t s  can  be w r i t t e n  u s i n g  a s s u m p -  
t ions  2 and 3 as fo l lows:  

V2A CA - F  x = F A = p~  

V~A l - F z  = FN = Poo--"~ CNo 

V=Ad ICmo My = Po¢ 2 

+ c~,, ,, + cN~ + cN~ \--~)~ 

+ Cm a a ~ Cmq + Cmh 

U s i n g E q s .  (I-3) t h r o u g h ( I - 6 ) ,  
above  r e l a t i o n s  a long  with Fig.  I-2,  

a s s u m p t i o n  4 (0 and a 
we can  w r i t e  

<< 1) and the  

V2A CA (I- 7) 

- uq = -Poo .2"-"~-lUNo + CN a a + CN¢ CN& +g (1-8) 

V2Ad + Cm a a + Cmq ~d ~ Cma (1-9) 0" = Poo 21 m° 

In add i t ion  an equa t ion  invo lv ing  d r a g  m a y  be w r i t t e n  as:  

V=A C D l~r~. - P ~  2m (I- 10) 

The s m a l l  ang le  a s s u m p t i o n  m a y  be u s e d  to show the fo l lowing:  

and 

u : V  

W "- a V  

(i-11) 

(i- 12) 

(i-~3) 
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As s h o w n  b y  Eq .  ( I -13 ) ,  E q s .  (1-7)  a n d  ( I -10 )  a r e  i n t e r c h a n g e a b l e  
F o r  t h i s  d e v e l o p m e n t ,  it i s  p r e f e r r e d  t h a t  Eq.  ( I - 1 0 )  be  u s e d  s i n c e  
d r a g  i s  o b t a i n e d  d i r e c t l y  f r o m  t h e  f r e e - f l i g h t  t e s t s .  T h e  e q u a t i o n s  of  
m o t i o n  f o r  a v e h i c l e  o s c i l l a t i n g  in f r e e - f l i g h t  p l a n a r  m o t i o n  a r e  t h e n  
E q s .  ( I -8 ,  -9 ,  a n d - 1 0 ) .  

Equation of Oscillatory Angular Motion 

D i f f e r e n t i a t i n g  Eq .  ( I - 1 2 )  w i t h  r e s p e c t  to  t i m e  y i e l d s  

Cv= h V + a ~/ 

S u b s t i t u t i n g  t h i s  r e l a t i o n  a l o n g  w i t h  E q s .  ( I -6 ,  - 10, a n d  - 11) i n to  
Eq.  ( I - 8 )  we o b t a i n  

( ) (1 4'dC, N~z)~z - poo VA ~ a) VA CN - g/V ] - P~ 4mh--dd CN q O = + poo--~- m ~ D -  CN a 1- P=-~'-m o 

S i n c e  p~Ad/4m : 10 -3, we m a y  r e d u c e  t h i s  e x p r e s s i o n  to 

A_._.~v (C ) hv g/V 
= ; z -  Po~ 2m D - aN a a - Po¢ 2m CN° - 

T a k i n g  a d e r i v a t i v e  w i t h  r e s p e c t  to  t i m e  and  s u b s t i t u t i n g  Eq .  
we o b t a i n  

"O" = h" - P°°  -~m - 2 m  / 

- (p AV~" A 
2m ] aN° CD - p~ 2"-m- CDg 

(I-  14) 

(i- 10), 

S u b s t i t u t i n g  t h e  a b o v e  e q u a t i o n  a n d  Eq .  ( I - 1 4 )  i n to  Eq .  ( I -9 )  g i v e s  
the.  d i f f e r e n t i a l  e q u a t i o n  f o r  p l a n a r  o s c i l l a t o r y  m o t i o n  of  a b o d y  in  f r e e  
f l i g h t  

h" + C, h + C~a = C~ + C, ( I - 1 5 )  

w h e r e  

AV 1 + Cm e l  = - p ~  ~ D - CN a + -~- mq 

C2 = - P e ¢  2md C m a -  Pm 2m 

= poo 2--~--- ~ Cmo 4 p -~-m CNo~-~- Cm q + CD 
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C, = --p=~--m LT\o/=Cmq - 

a = \'/l/m 

Neg lec t i ng  p r o d u c t s  of Po~A/2m, C 2 and C, r e d u c e  to 

- p A V2~-d-~ 2 Cma 
c ,  " ~Tmmd ~-;-} 

C, = P~ 2--#~-~,~) Cmo 

Equa t ion  (I-15)  has  v a r i a b l e  coe f f i c i en t s  a t t r i b u t a b l e  to the p r e s e n c e  
of x,, and cannot  be so lved  ea s i l y .  T h e s e  v a r i a b l e  coe f f i c i en t s  a r e  
e l i m i n a t e d  by changing  the independen t  v a r i a b l e  f r o m  t ime  to d i s t a n c e  
a c c o r d i n g  to the t r a n s f o r m a t i o n s  

d Oa dXF = a" VXF -- = a'V 
0X F dt 

a" 02_~ (dXF_~2 + Oa d2XF_ a"V z VZA C D a "  
= ox~ X-Z-, / ~ F  d~ p-~ 2--U 

w h e r e  it is a s s u m e d  that  VXF-- V. 

Subs t i tu t ing  t h e s e  t r a n s f o r m a t i o n s  into Eq. ( I -15)  we get  

a " +  D~ a" ~- D2a = D~ + D, 

w h e r e  
(I- 16) 

-A- I2CD + 1 (ad___)2(C _ Cmd)l Dl = --Po~ ~ -- CN a -~  mq 

A (~__~2 Cma 

D~ "- V~ ~-~-(aa--) 2 2 r o d  Cmo 

D * = - P "  Ag [ +  ( d )  2 2 m  D• 1 
Cmq - C V 2 
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Eq. 
Assuming that D, remains approximately constant, a solution to 
(I-16) for Cma < 0 is given as 

Cm ° mq/2 - C - (Dr /2)  XF 
a = - ~ + g~ - ao e cos(~XF + y) ( I - 1 7 ) *  

Cm a Cm a V 2 

w h e r e  
f~ = D4-~-~ 

i s  t h e  a n g u l a r  d i s t a n c e  f r e q u e n c y  in  r a d i a n s / f t .  

T h e  f i r s t  a n d  s e c o n d  t e r m s  in  Eq .  ( I - 1 7 )  a r e  t h e  t r i m  a n g l e  of  
a t t a c k  a n d  g r a v i t y  i n d u c e d  a n g l e  o f  a t t a c k ,  r e s p e c t i v e l y .  In m o s t  c a s e s  
o f  i n t e r e s t ,  t h e  s e c o n d  t e r m  i s  n e g l i g i b l e ,  a n d  if  w e  c o n s i d e r  o n l y  
m o d e l s  w h i c h  h a v e  CNo = Cmo = 0, t h e n  Eq .  ( I - 1 6 )  r e d u c e s  t o  

a ' "  + D, a"  + Daa = 0 

a n d  E q .  ( I - 1 7 )  b e c o m e s  

-(Dx/2) XF ( I -  1 8) 
a = ao e cos (f~X v + y) 

U s i n g  an  e x p o n e n t i a l l y  d a m p e d  o s c i l l a t i o n  ( F i g .  I - 3 )  a s  p r e d i c t e d  
b y  t h e  a b o v e  e q u a t i o n ,  w e  c a n  o b t a i n  e x p r e s s i o n s  f o r  t h e  d a m p i n g - i n -  
p i t c h  c o e f f i c i e n t s  a n d  t h e  p i t c h i n g - m o m e n t  s l o p e  c o e f f i c i e n t  a s  f o l l o w s :  

where 

D ,  = - 2 ~  In R/2rr CYR 

R = a , / a o  and CYR = ~ A  X F / 2 n  

Cmq + Cm& = 2\d/ ~ P~o A 2 CD + CNal 

_ 2rod t"o'_~ 2 ~2 Cm a 
p A 

EQUATIONS OF TRANSLATIONAL MOTION 

Drag Deceleration 

The differential equation defining the deceleration of a model in 
free flight was given previously as Eq. (I-I0). Using the small angle 

*A similar result is obtained in Ref. 21. 
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a s s u m p t i o n  and a c c e l e r a t i o n  r e l a t i v e  to the tunne l  f ixed  c o o r d i n a t e  
s y s t e m ,  we obta in  the d r a g  c o e f f i c i e n t  f r o m  th is  e q u a t i o n  as fo l lows :  

CD = 2m a x  T 
V 2 P~ XF A 

An a l t e r n a t e  f o r m  of Eq. ( I -10)  r e f e r e n c e d  to the m e d i a  f ixed  c o o r -  
d ina t e  s y s t e m  is ob t a ined  by t r a n s f o r m i n g  the  i n d e p e n d e n t  v a r i a b l e  f r o m  
t i m e  to d i s t a n c e  a c c o r d i n g  to the  t r a n s f o r m a t i o n  

{' = o3V {dXF~ = V2A CD 

By a s s u m i n g  tha t  

w h e r e  C 

Vx F = V 

V z VXF the  d r a g  c o e f f i c i e n t  is g iven  as 

CD = -2m c3 ~n V~F ) 
p~A aX F 

is an a r b i t r a r y  c o n s t a n t  v e l o c i t y .  Let  C = V and r e c a l l i n g  tha t  
+ Vxv then  

p~cA @XF Y c / J  

EFFECTIVE AND MEAN OSCILLATION AMPLITUDE 

F r e e - f l i g h t  data  a r e  e x t r a c t e d  f r o m  the d a m p e d  o s c i l l a t o r y  a m p l i t u d e -  
d i s t a n c e  h i s t o r y  o v e r  c e r t a i n  d i s t a n c e  i n t e r v a l s  (AXF) as  shown in 
F ig .  (I-3).  T h e s e  da ta ,  t h e r e f o r e ,  r e p r e s e n t  e f f e c t i v e  v a l u e s  fo r  the  
r a n g e  of ang le  of a t t a c k  e n c o u n t e r e d  in th is  i n t e r v a l .  F o r  p u r p o s e s  of da ta  
c o r r e l a t i o n  and p r e s e n t a t i o n  it is  d e s i r a b l e  to de f ine  both the  e f f e c t i v e  
ang le  of a t t a c k  and the m e a n  e n v e l o p e  a m p l i t u d e  f o r  the  da ta  i n t e r v a l .  

The  e f f e c t i v e  ang le  of a t t a c k  is de f i ned  to be the  r o o t - m e a n - s q u a r e  
ang le  for  the  o s c i l l a t i o n  as fo l lows :  

= 

I xF i 
o2dx  i 

The limits 0 to XF were chosen to represent the data interval in order to 
simplify the final form of 8 (see Ref. 12). These limits do not restrict 
the use of this relation since distance is relative. 
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A g e n e r a l  f o r m  of the  e f f e c t i v e  a n g l e  of a t t a c k  (6) f o r  an  e x p o n e n -  
t i a l l y  d a m p e d  p l a n a r  o s c i l l a t i o n  is o b t a i n e d  by  s u b s t i t u t i n g  Eq. ( I -18 )  
in to  t h e  a b o v e  r e l a t i o n  and  i n t e g r a t i n g  a s  f o l l o w s :  

~= t-~Fj ° 

--DIXF / 

cos 2 (fiX F + 7)dXF~ 

I _ D , X F  2 [_ D1 
~= ~ e 

1 4[(D,/2) ~ + ~qXF ~-~ 
cos 2 (fiX F sin + y)  lxF! 

° ) 
0 

T h i s  r e s u l t  is  g r e a t l y  s i m p l i f i e d  b y  a s s u m i n g  t h a t  [a[ >> ID,I, w h i c h  
is  an  a c c u r a t e  a s s u m p t i o n  f o r  t he  c a s e s  of i n t e r e s t .  T h e  a b o v e  r e s u l t ,  
t h e r e f o r e ,  b e c o m e s  

_D,x~l ~ 
2D1 X F 

F r o t h  F i g .  ( I -3 ) ,  we c a n  s e e  t h a t  f o r  t he  i n t e r v a l  
t h e  d a m p i n g  f a c t o r  is  g i v e n  as  

XF ° to XF n (0 to XF) 

D, = - 2 In la=/aol/XF 
S u b s t i t u t i n g  t h i s  r e l a t i o n  in to  t h e  p r e v i o u s  one  y i e l d s  t he  d e s i r e d  g e n e r a l  
f o r m  f o r  6 o v e r  a g i v e n  d i s t a n c e  i n t e r v a l  AX F 

= ~ - ~o~ (I-19) 

T h e  m e a n  a m p l i t u d e  of t h e  s a m e  d i s t a n c e  i n t e r v a l  is  g i v e n  as  

2 
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