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Summary 

An extensive series of ballistic range tests have been conducted at the 
Ames Research Center to determine precisely the aerodynamic characteristics 
(particulary drag) of the Galileo entry probe vehicle. Figures and tables are 
presented herein which summarize the results of these ballistic range tests. 
Drag data were obtained for both a nonablated and an hypothesized ablated 
Galileo configuration at Mach numbers from about 0.7 to 14 at Reynolds numbers 
(based on model diameter) from about 1000 to 4 million. The tests were conducted 
in air and the experimental results are compared with available Pioneer Venus 
data since these two configurations are similar in geometry. The nonablated 
Galileo configuration was also tested with two different center-of-gravity 
positions to obtain values of pitching-moment-curve slope, C 
be used in determining values of lift and center-of-pressure location for this 
configuration. The results indicate that the drag characteristics of the Galileo 
probe are qualitatively similar to that o f  Pioneer Venus, however, the drag o f  
the nonablated Galileo is about 3 percent lower (than Pioneer Venus) at the 
higher Mach numbers and as much as 5 percent greater at transonic Mach numbers 
of about 1.0 t o  1,5, Also, the drag of the hypothesized ablated configuration 
1s about 3 percent lower than that of the nonablated configuration at the higher 
Mach numbers but about the same at the lower Mach numbers. Addjt onal tests are 
required at Reynolds numbers ~f 1000, 500, and 250 to determine f the dramatic 
rise in drag coefficient measured for Pioneer Venus at these low Reynolds 
numbers also occurs for Galileo, as might be expected, 
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T e s t  F a c i l i t i e s  

Two b a l l i s t i c  ranges a t  Ames Research Center a r e  o p e r a t i o n a l  and bo th  a r e  

b e i n g  used i n  t h e  p r e s e n t  i n v e s t i g a t i o n s .  The f a c i l i t i e s  a re  t h e  

H y p e r v e l o c i t y  Free F1 i g h t  Aerodynamic F a c i l i t y  (HFFAF) , and t h e  P r e s s u r i z e d  

B a l l i s t i c  Range (PBR). These f a c i l i t i e s  w i l l  be d e s c r i b e d  b r i e f l y .  

H v D e r v e l o c i t v  Free F l i a h t  Aerodvnamic F a c i l i t v  

The t e s t  s e c t i o n  o f  t h e  HFFAF i s  23 m long and has 16 or thongonal  spark  

shadowgraph s t a t i o n s  even ly  spaced (1.52 m) o v e r  i t s  l e n g t h .  T h i s  f a c i l i t y  

i s  used p r i m a r i l y  f o r  aerodynamic s tud ies .  K e r r - c e l l  s h u t t e r s  a re  used t o  

produce a sharp image o f  t h e  model and i t s  f l o w - f i e l d  on t h e  f i l m .  Four 

deformable-p is ton,  l i g h t - g a s  guns, hav ing  bore  d iameters o f  0.71, 1.27, 

2.54, and 3.81 cm, a r e  a v a i l a b l e  f o r  launch ing  a model i n t o  f r e e  f l i g h t .  

Each o f  these guns can operate t o  muzzle v e l o c i t i e s  of about 9 km/sec. 

Tes ts  i n  t h i s  f a c i l i t y  can be conducted f rom 1 atm t o  as low as 

20 Hg. The f a c i l i t y  has an ext remely low l e a k  r a t e ,  about 10 Hg p e r  

minu te .  T h i s  a l l o w s  f o r  t e s t s  t o  be conducted i n  a i r  o r  i n  any o t h e r  

n o n t o x i c  gas. Tes ts  have been conducted i n  carbon d i o x i d e ,  hydrogen, 

hel ium, k ryp ton ,  and xenon. 

P r e s s u r i z e d  B a l l i s t i c  Ranae 

The PBR i s  b a s i c a l l y  a l a r g e  tank t h a t  can be p r e s s u r i z e d  o r  evacuated. 

I t  a l s o  i s  used m a i n l y  f o r  aerodynamic s t u d i e s .  The t e s t  s e c t i o n  i s  62 rn 
l o n g  and has 24 or thogona l  spark shadowgraph s t a t i o n s  i r r e g u l a r l y  spaced 

o v e r  i t s  l e n g t h .  The s t a t i o n  spacing ranges f rom 2.1 t o  4.2 m. A l l  o f  t h e  

o p t i c s  a r e  i n t e r n a l  t o  t h e  tank, which imposes a maximum model v e l o c i t y  o f  
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about 3.6 km/sec. 

t h e  model fogs  t h e  f i l m ,  making readings o f  t h e  model p o s i t i o n  and a t t i t u d e  

impossib le .  

A t  h i g h e r  v e l o c i t i e s ,  r a d i a t i o n  f rom t h e  gas cap around 

T h i s  f a c i l i t y  has some advantages over  t h e  HFFAF: 

1. A much l o n g e r  model t r a j e c t o r y  i s  o b t a i n e d  (2.7 t imes) .  

2. Tes ts  can be conducted above 1 atmosphere, c u r r e n t l y  t o  6 

atmos. 

3. More d e t a i l e d  shadowgraphs are obta ined,  p r i m a r i l y  because 

of t h e  s i m p l e r  i n t e r n a l  o p t i c s  system. 

T e s t i n g  i n  gases o t h e r  t h a n  a i r  i n  t h i s  f a c i l i t y  i s  i m p r a c t i c a l  because o f  

t h e  l a r g e  p h y s i c a l  volume o f  t h e  tank. 

G a l i l e o  I n v e s t i g a t i o n s  

The b a l l i s t i c  ranges a t  Ames have suppor ted a l l  of t h e  U n i t e d  S t a t e s '  

probe m i s s i o n s  t o  o t h e r  p l a n e t s .  

Mars and t h e  1978 Pioneer  M i s s i o n  t o  Venus. These f a c i l i t i e s  a r e  

c u r r e n t l y  be ing  used t o  suppor t  the  G a l i l e o  M i s s i o n  t o  J u p i t e r .  

G a l i l e o  s p a c e c r a f t  c o n s i s t s  of t w o  m a j o r  components: 

t o  o r b i t  J u p i t e r  numerous t imes w h i l e  ach iev ing  c l o s e  encounters w i t h  many 

of J u p i t e r ' s  moons, and a probe, which i s - t o  e n t e r  and descend th rough t h e  

atmosphere o f  J u p i t e r .  The probe, scheduled t o  e n t e r  t h e  atmosphere o f  

J u p i t e r  i n  1995, w i l l  make i n  s i t u  measurements as i t  descends th rough t h e  

atmosphere p r i o r  t o  i t s  e v e n t u a l  d e s t r u c t i o n  due t o  extreme e x t e r n a l  

pressures.  

These i n c l u d e  t h e  1976 V i k i n g  Miss ions  t o  

The 

The o r b i t o r ,  which i s  

A l though some probe aerodynamics were o b t a i n e d  i n i t i a l l y  i n  e x p l o r a t o r y  

t e s t s  t o  suppor t  e a r l y  d e s i g n  s t u d i e s  (Ref. l ) ,  more accura te  aerodynamics 
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are  needed fo r  s u p p o r t  of The Atmosphere Structure Experiment, carried on 
board the probe. 

Atmomhere Structure ExDeriment 

The Atmosphere Structure Experiment i s  designed t o  determine the s t a t e  
properties (density, pressure, and temperature) of an u n k n o w n  planetary 
atmosphere as functions o f  al t i tude from measurements made d u r i n g  the entry 
and descent of a probe. The experiment consists o f  a three-axis 
accelerometer, plus pressure and temperature sensors. After the probe 
slows down t o  subsonic Mach numbers, a parachute i s  deployed and the 
pressure and temperature sensors can make near-ambient measurements. 
However, d u r i n g  the high-speed portion of the t ra jectory,  from an entry 
velocity of 47 km/sec to  sonic speed, d i rec t  measurements are impractical. 
The temperature sensor would be burned u p  and dynamic pressure e f fec ts  
would render the pressure readings useless. The accelerometers alone must 
yield the s t a t e  properties during t h i s  high-speed phase, a n d  t h i s  i n  turn 
requires the precise knowledge o f  the probe aerodynamic character is t ics ,  i n  
par t icular  d r a g  and 1 i f t .  These character is t ics  must be known accurately 
over a wide range of b o t h  Mach number and Reynolds number. The b a l l i s t i c  
ranges a t  Ames have proven t o  be excellent f a c i l i t i e s  for  o b t a i n i n g  t h i s  
aerodynamic informat ion  over wide ranges of Mach number (0.5 - 20) and 
Reynolds number (250 - 10 ) .  7 

Galileo Data 

The Galileo probe a t  entry i n t o  the  Jovian atmosphere i s  shown i n  
F i g .  1. 
high-speed part of the entry, massive a b l a t i o n  takes place. As m u c h  as 40% 
of the vehicle mass a t  entry i s  expected t o  be ablated away, mostly i n  the 
nose region, and even the maximum diameter wil l  be s ignif icant ly  decreased. 
Hence, t e s t s  must be conducted n o t  only of the entry configuration b u t  of 
hypothesized ablated configurations as well. 

I t  i s  basically a b l u n t  45 deg. cone. However, d u r i n g  the 
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A ske tch  of t h e  hypothes ized a b l a t e d  G a l i l e o  c o n f i g u r a t i o n  used i n  t h e  

p resen t  t e s t s  i s  shown i n  F i g .  2 compared w i t h  t h e  nonab la ted  

c o n f i g u r a t i o n .  

per formed i n  suppor t  of t h e  G a l i l e o  probe m i s s i o n  by researchers  a t  Ames 

Research Center, General E l e c t r i c  Company, and o the rs ,  and i s  cons idered t o  

be a reasonab le  cho ice  f o r  t h e  purpose o f  t h e  p resen t  i n v e s t i g a t i o n .  

(Sensors embedded i n  t h e  hea t  s h i e l d  w i l l  h e l p  t o  d e f i n e  t h e  a b l a t e d  shape 

d u r i n g  and a f t e r  t h e  a c t u a l  e n t r y  i n t o  J u p i t e r . )  

T h i s  ab la ted  geometry was d e r i v e d  f rom h e a t i n g  s t u d i e s  

The models used i n  t h e  HFFAF t e s t s  were homogeneous, machined from 

e i t h e r  a s i n t e r e d  tungs ten  a l l o y  ( M a l l o r y  3000), s t e e l ,  aluminum, o r  

po l yca rbona te  p l a s t i c  (Lexan) , which gave a c e n t e r - o f - g r a v i t y  l o c a t i o n  

xcg/d = 0.414 f rom t h e  nose. 

and 2.03 cm. 

were machined from brass. These models o f  t h e  nonab la ted  and a b l a t e d  

c o n f i g u r a t i o n s  had maximum diameters o f  5.08 cm and 4.90 cm r e s p e c t i v e l y .  

The a b l a t e d  c o n f i g u r a t i o n  had a c e n t e r - o f - g r a v i t y  l o c a t i o n  o f  x /d  = 0.375 
f rom t h e  nose. Un less  s p e c i f i c a l l y  s t a t e d  o therw ise ,  t h e  exper imenta l  d a t a  

p resented  f o r  G a l i l e o  i n  t h i s  r e p o r t  w i l l  be f o r  t h e  nonab la ted  

c o n f i g u r a t i o n  (F ig .  1). 

Two model s i z e s  were used namely, d = 1.02 cm 

The models used i n  t h e  PBR t e s t s  were a l s o  homogeneous and 

cg 

A l a r g e  da ta  bank was a v a i l a b l e  f o r  t h e  P ioneer  Venus probe. That  

c o n f i g u r a t i o n  was s i m i l a r  t o  Ga l i l eo ,  as shown i n  F ig .  3. The nose, 

corner ,  and a f t e r b o d y  geometries a re  a l l  s l i g h t l y  d i f f e r e n t ,  b u t  as much 

use as p o s s i b l e  i s  be ing  made of a l l  P ioneer  Venus da ta  t o  m in im ize  t h e  

number o f  G a l i l e o  t e s t s  requ i red .  

F i g u r e  4 shows some o f  t h e  G a l i l e o  drag d a t a  ob ta ined  i n  t h e  p resen t  

Open symbols denote P ioneer  

i n v e s t i g a t i o n  compared w i t h  a v a i l a b l e  P ioneer  Venus da ta  a t  t h e  same 

c o n d i t i o n s  o f  v e l o c i t y  and Reynolds number. 

Venus d a t a  and s o l i d  symbols are G a l i l e o  data.  Not s u r p r i s i n g l y ,  t h e  

G a l i l e o  d a t a  a r e  n o t  g r e a t l y  d i f f e r e n t  from those o f  P ioneer  Venus; t h e  

G a l i l e o  d a t a  a re  approx imate ly  3 pe rcen t  lower  than  t h e  Pioneer  Venus d a t a  
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a t  t h e  l o w e r  angles of a t t a c k .  However, t h e  d i f f e r e n c e s  a r e  r e a l  and a r e  

impor tan t .  A 1% e r r o r  i n  t h e  knowledge o f  t h e  probe drag c o e f f i c i e n t  

becomes a 1% e r r o r  i n  t h e  d e n s i t y  o f  t h e  atmosphere of J u p i t e r  a t  t h a t  

p o i n t  i n  t h e  t r a j e c t o r y .  T h i s  induces a s i m i l a r  e r r o r  i n  t h e  d e r i v e d  

atmospher ic p ressure  and o f t e n  e r r o r s  o f  many degrees K e l v i n  i n  

temperature.  The success o f  the  Atmosphere S t r u c t u r e  Experiment depends on 

t h e  p r e c i s e  knowledge o f  t h e  probe aerodynamics which i s  t h e  d r i v i n g  reason 

f o r  t h e  many b a l l i s t i c  range t e s t s  r e q u i r e d .  

B a l l i s t i c  range t e s t s  have been conducted f o r  b o t h  t h e  nonablated and 

a b l a t e d  G a l i l e o  c o n f i g u r a t i o n s  t o  o b t a i n  drag d a t a  a t  Mach numbers f rom 

about 1 0  t o  as low as 0.7. 

F i g .  5 as a f u n c t i o n  o f  Mach number. 

t h e  l i n e  r e p r e s e n t s  a f a i r i n g  of e x i s t i n g  Pioneer  Venus drag d a t a  i n  t h i s  

Mach number range. The open symbols a r e  da ta  o b t a i n e d  i n  t h e  HFFAF and 

cover  t h e  Mach number range from about 10 t o  2.0; t h e  f i l l e d  symbols a re  

d a t a  o b t a i n e d  i n  t h e  PBR and cover t h e  Mach number range f rom about 3.5 t o  

0.7. The drag d a t a  o b t a i n e d  a t  Mach numbers f rom 2 t o  0.7 are  r e q u i r e d  

s i n c e  t h e  probe parachute w i l l  n o t  be deployed u n t i l  t h e  probe slows down 

t o  subsonic Mach numbers near  0.8. 

was o b t a i n e d  a t  each Mach number, i t  was n o t  p o s s i b l e  t o  e x t r a p o l a t e  t h e  

drag d a t a  t o  o b t a i n  va lues  o f  drag c o e f f i c i e n t  a t  zero  angle o f  a t t a c k .  

However, a l l  f l i g h t s  o b t a i n e d  had angles o f  a t t a c k  l e s s  than 12 degrees and 

drag c o e f f i c i e n t  i s  e s s e n t i a l l y  c o n s t a n t  i n  t h i s  ange l -o f -a t tack  range (see 

F i g .  4). 
much l o n g e r  than i n  t h e  HFFAF. Therefore,  these f l i g h t s  were d i v i d e d  i n t o  

2 o r  3 consecut ive  p o r t i o n s  and analyzed s e p a r a t e l y  t o  g i v e  a more d e t a i l e d  

d e f i n i t i o n  of CD vs Mach number, f o r  t h e  same number o f  f l i g h t s .  

approach i s  v e r y  u s e f u l  here  s ince  l a r g e  changes i n  CD occur  w i t h  smal l  

changes i n  Mach number below a Mach number o f  3.5. 

The drag d a t a  f rom these t e s t s  a r e  p resented  i n  

The G a l i l e o  d a t a  a r e  t h e  symbols and 

Since f o r  t h e  most p a r t  o n l y  one f l i g h t  

As s t a t e d  e a r l i e r  t h e  f l i g h t  t r a j e c t o r y  f o r  t e s t s  i n  t h e  P B R  i s  

T h i s  

F i g u r e  5 shows t h a t  t h e  drag c o e f f i c i e n t  o f  t h e  a b l a t e d  c o n f i g u r a t i o n  

i s  about 3% l e s s  than t h a t  o f  the  nonablated c o n f i g u r a t i o n  a t  Mach numbers 
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from 10 t o  3.5, b u t  t h a t  t h e  drag o f  b o t h  c o n f i g u r a t i o n s  i s  t h e  same a t  

Mach numbers below 2.5. The v a r i a t i o n  o f  drag c o e f f i c i e n t  w i t h  Mach number 

f o r  G a l i l e o  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  o f  P ioneer  Venus, however some 

s i g n i f i c a n t  d i f f e r e n c e s  are  ev ident ,  i.e., t h e  drag o f  t h e  nonablated 

G a l i l e o  i s  lower  by about 3% a t  a Mach number near  9 b u t  as much as 5% 

g r e a t e r  a t  Mach numbers between 1.5 and 1.0. I n  a d d i t i o n  i t  appears t h a t  

peak v a l u e s  o f  C,, f o r  G a l i l e o  are reached a t  a somewhat lower  Mach number 

t h a n  f o r  P ioneer  Venus. 

f a c i l i t i e s  a t  t h e  same Mach numbers show e x c e l l e n t  agreement as expected. 

The d a t a  shown i n  F ig .  5 f o r  the Mach number range f rom 0.7 t o  1.5 a r e  a l s o  

presented i n  F i g .  6 w i t h  a g r e a t l y  expanded Mach number sca le .  T h i s  f i g u r e  

a l s o  shows t h e  a c t u a l  P ioneer  Venus d a t a  ob ta ined and t h e  f a i r i n g  used t o  
r e p r e s e n t  these data.  

Comparison o f  t h e  drag d a t a  f rom t h e  two 

The nonablated G a l i l e o  c o n f i g u r a t i o n  was a l s o  t e s t e d  w i t h  a f u r t h e r - a f t  

c e n t e r - o f  g r a v i t y  l o c a t i o n .  

o b t a i n  accura te  va lues  o f  pitching-movement-curve s l o p e  which c o u l d  be used 

t o  h e l p  determine va lues  of l i f t  and center -o f -p ressure  l o c a t i o n  f o r  t h i s  

c o n f i g u r a t i o n .  ( L i f t  i s  r e l a t i v e l y  d i f f i c u l t  t o  o b t a i n  a c c u r a t e l y  i n  these 

t e s t s  s i n c e  f o r  t h i s  c o n f i g u r a t i o n ,  namely, a 45' h a l f - a n g l e  b l u n t e d  cone 

a t  smal l  angles o f  a t tack ,  t h e  l i f t  i s  v e r y  smal l )  As shown i n  F i g .  7 a 

b i m e t a l l i c  model was used f o r  these t e s t s .  

aluminum and t h e  a f t e r b o d y  was machined f rom phosphor bronze. The two 

m a t e r i a l s  were threaded t o g e t h e r  u s i n g  a 4-40 screw which was machined 

i n t e g r a l  w i t h  t h e  forebody. 

compared w i t h  0.414 f o r  t h e  hoinogeneous models. 

The p r i m a r y  purpose of these t e s t s  was t o  

The fo rebody was c o n s t r u c t e d  o f  

These b i m e t a l l i c  models had an x /d  = 0.476 
cg 

The d a t a  ob ta ined f rom these t e s t s  and o t h e r  t e s t s  u s i n g  homogeneous 

models a t  a v e l o c i t y  o f  3.1 km/sec a r e  presented i n  F i g .  8 where va lues  o f  

p i tching-movement-curve slope, C, 
root-mean-square r e s u l t a n t  angle o f  a t t a c k  o f  each f l i g h t .  

t h e r e  i s  l i t t l e  e f f e c t  o f  angle o f  a t t a c k  on C 
l o c a t i o n  g i v e s  va lues about 44% g r e a t e r  than those f o r  t h e  a f t  cg l o c a t i o n .  

, a r e  p l o t t e d  as a f u n c t i o n  o f  t h e  
LX 

As can be seen 

and t h a t  t h e  f o r w a r d  cg 
m x  
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Al though t h e  Reynolds number f o r  t hese  t e s t s  a re  d i f f e r e n t  by  a f a c t o r  o f  

7, b o t h  a r e  s u f f i c i e n t l y  l a r g e  t o  i n s u r e  s i m i l a r  f low c o n d i t i o n s  over  t h e  
models (cont inuum f l ow)  so t h a t  i t  i s  n o t  expected t h a t  Reynolds number has 

any s i g n i f i c a n t  e f f e c t  on these da ta .  Th is  d i f f e r e n c e  i n  Reynolds number 

r e s u l t e d  because t h e  b i m e t a l l i c  models, be ing  l e s s  s t a t i c a l l y  s tab le ,  must  

be t e s t e d  a t  a h i g h e r  s t a t i c  p ressure  i n  o r d e r  t o  o b t a i n  t h e  minimum number 

o f  c y c l e s  o f  angu lar  o s c i l l a t i o n  (1 1/2  t o  2 c y c l e s )  t o  y i e l d  accu ra te  

r e s u l t s .  

B a l l i s t i c  range t e s t s  were a l s o  conducted t o  p r x i s e l y  d e f i n e  t h e  drag 

c h a r a c t e r i s t i c s  o f  t h e  G a l i l e o  probe a t  a v e l o c i t y  of about 4.6 km/sec a t  

Reynolds numbers (based on model d iamete r )  f rom about 1 m i l l i o n  t o  as low 

as about 500. Cur ren t  p lans  were t o  conduct t e s t s  a t  Reynolds numbers o f  

10 , 10 , 10 , 10 , 500, and p o s s i b l y  250, f o r  which P ioneer  Venus d a t a  

e x i s t s  f o r  d i r e c t  comparison. The importance o f  o b t a i n i n g  drag d a t a  a t  

these v a r i o u s  Reynolds numbers i s  e v i d e n t  i n  F i g .  9, which shows P ioneer  

Venus drag d a t a  ( f o r  zero  angle o f  a t t a c k )  down t o  a Reynolds number o f  

about 250. The drag c o e f f i c i e n t  i nc reases  c o n t i n u o u s l y  below a Reynolds 

number o f  1 m i l l i o n ,  b u t  t h e  inc rease becomes most d ramat ic  below 1000 
where t h e  s l i p - f l o w  and f ree-molecu le - f low regimes are approached. 

b a l l i s t i c  range t e s t s  o f  Pioneer Venus models a t  Reynolds numbers o f  1000 
and l e s s  proved t o  be d i f f i c u l t ,  b u t  techn iques  were developed which l e d  t o  

success fu l  t e s t s .  These same techniques were used i n  t h e  p resen t  low 

Reynolds number t e s t s  conducted i n  t h e  HFFAF; however, t h e  t e s t s  were 

l a r g e l y  unsuccess fu l  due t o  t h e  models tumb l ing  or  ach iev ing  h i g h  angles o f  

a t t a c k  (nea r  90') d u r i n g  t h e  f l i g h t ,  so t h a t  no u s e f u l  d rag  d a t a  c o u l d  be 

6 5 4 3  

E a r l i e r  

ob ta ined.  

s t a t i c  p ressures  (app rox ima te l y  100 t o  200 Hg), and any s i g n i f i c a n t  

angu la r  d i s t u r b a n c e  imparted t o  t h e  model upon emergence from t h e  gun 

muzzle, e i t h e r  by separaxion f r o m  i t s  p l a s t i c  sabot o r  by gun b l a s t ,  cannot 

be overcome by t h e  low pressure  f o r c e s  a c t i n g  on t h e  model d u r i n g  f l i g h t .  

The models t h e n  p i t c h  up t o  l a r g e  angles o f  a t t a c k  and even tumble d u r i n g  

t h e  f l i g h t .  

Th i s  occurs because these t e s t s  must be conducted a t  v e r y  low 

a 



The G a l i l e o  d a t a  ob ta ined i n  t h e  p r e s e n t  i n v e s t i g a t i o n s  a t  t h e  v a r i o u s  

Reynolds numbers a r e  a l s o  presented i n  F i g .  9 and show some anomalies. 

F i r s t ,  i t  shou ld  be noted t h a t  t h e  drag d a t a  shown f o r  G a l i l e o  a t  a 

Reynolds number o f  10 , which agrees c l o s e l y  w i t h  t h a t  o f  P ioneer  Venus, i s  

f o r  a v e l o c i t y  o f  3.4 km/sec (see F i g  4) .  No a d d i t i o n a l  t e s t s  were 

conducted a t  4.6 km/sec s i n c e  a t  t h i s  r e l a t i v e l y  h i g h  Reynolds number, 

v e l o c i t y  i s  n o t  expected t o  be a s t r o n g  f a c t o r .  
f l i g h t s  were o b t a i n e d  a t  t h i s  h i g h e r  v e l o c i t y  (4.6 km/sec) a t  Reynolds 

numbers o f  10 and 10 . Comparison o f  these d a t a  w i t h  Pioneer  Venus i n  

F ig .  9 shows t h a t  t h e  drag f o r  G a l i l e o  i s  about 3 percent  lower  than f o r  

P ioneer  Venus a t  a Reynolds number o f  10 b u t  n e a r l y  12 p e r c e n t  lower  a t  a 
4 Reynolds number of 10 ( f l a g g e d  symbol) which i s  cons idered u n l i k e l y .  

a c t u a l  drag d a t a  ob ta ined a t  these two Reynolds numbers f rom which these 

va lues  of CD a t  K = 0' were obtained, a r e  presented i n  F i g .  10, p l o t t e d  as 

a f u n c t i o n  o f  angle o f  a t t a c k .  As can be seen t h e  d a t a  a t  each Reynolds 

number appear t o  be e n t i r e l y  c o n s i s t e n t  w i t h  l i t t l e  s c a t t e r ,  however, t h e  

l a r g e  unexpected d i f f e r e n c e  i n  drag i s  ev ident .  

t h a t  t h e  i n s t r u m e n t  used t o  measure s t a t i c  p ressure  i n  t h e  t e s t  s e c t i o n ,  

developed a s l i g h t  l e a k  d u r i n g  t h i s  s e r i e s  of t e s t s  and gave er roneous ly  

h i g h  read ings .  

approx imate ly  2.4 mm Hg ( i .e.,  t h e  nominal  p ressure  d e s i r e d  f o r  t h e s e  

t e s t s )  would account f o r  t h i s  d i f f e r e n c e .  However, i t  i s  s u r p r i s i n g  t h a t  

t h i s  e r r o r  must have been e s s e n t i a l l y  t h e  same f o r  each o f  t h e  f i v e  

separa te  t e s t s  conducted a t  t h i s  Reynolds number over  a p e r i o d  o f  about a 

month. 

t h e  drag d a t a  presented i n  F ig .  10 show l i t t l e  s c a t t e r  and e x t r a p o l a t i o n  

t o  o( = 0' i s  accomplished e a s i l y  and a c c u r a t e l y .  

researchers  conducted b o t h  immediate ly  p r i o r  t o  and a f t e r  t h e  above s e r i e s  

o f  G a l i l e o  t e s t s ,  were a t  one atmosphere o f  p ressure  i n  t h e  t e s t  s e c t i o n  

and so an e r r o r  i n  p ressure  o f  0.2 mm Hg would n o t  be d i s c e r n i b l e  i n  t h e  

data.  The f a u l t y  ins t rument  was r e p l a c e d  and a new system was i n s t a l l e d  

which gave redundant measurements o f  pressure.  

ob ta ined a t  t h i s  Reynolds number (10 ) l a t e r  i n  t h e  program d u r i n g  another  

6 

Severa l  successful  G a l i l e o  

5 4 

5 

The 

A p robab le  e x p l a n a t i o n  i s  

An e r r o r  i n  pressure  o f  about 0.2 mm Hg o u t  o f  

T h i s  however, must have been t h e  case, s i n c e  as ment ioned e a r l i e r ,  

Tes ts  by o t h e r  

A success fu l  f l i g h t  was 
4 
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, 

s e r i e s  o f  t e s t s  designed t o  o b t a i n  G a l i l e o  drag d a t a  a t  Reynolds numbers o f  
1000 and l e s s .  As ment ioned e a r l i e r  these t e s t s  were l a r g e l y  unsuccess fu l .  

Th i s  one f l i g h t  (no. 1766) u n f o r t u n a t e l y  achieved r e l a t i v e l y  h i g h  angles o f  

a t t a c k  and so t h e  drag c o e f f i c i e n t  ob ta ined  and shown i n  F i g .  9 i s  f o r  an 

angle o f  a t t a c k  o f  19.6 degrees. 

d a t a  p o i n t  t o  CC = 0' was accomplished us ing  t h e  v a r i a t i o n  o f  CD versus  

ang le  o f  a t t a c k  ob ta ined  f o r  Pioneer Venus a t  t h e  same t e s t  c o n d i t i o n s .  

Th is  procedure gave a va lue  of CD o f  1.06 f o r  t h i s  Reynolds number, wh ich  

as can be seen i n  F ig .  9, i s  again o n l y  about 3 p e r c e n t  l e s s  than t h a t  o f  
Pioneer  Venus. 

An approximate e x t r a p o l a t i o n  of t h i s  one 

No successful  G a l i l e o  f l i g h t s  were ob ta ined  a t  a Reynolds number o f  
500, and o n l y  one success fu l  f l i g h t  was ob ta ined  a t  a Reynolds number o f  
1000. T h i s  f l i g h t  (no. 1762) a lso  achieved h i g h e r  than  d e s i r e d  ang les  o f  
a t t a c k  and t h e  v a l u e  of  CD shown i n  F ig .  9 i s  f o r  an ang le  o f  a t t a c k  o f  
14.7 degrees. 

e x i s t i n g  P ioneer  Venus d a t a  a t  t h e  same t e s t  c o n d i t i o n s ,  i n  t h e  same manner 

as j u s t  desc r ibed  f o r  f l i g h t  no. 1766. However, i n  t h i s  case t h e  r e s u l t i n g  

v a l u e  o f  CD o f  1.06 i s  seen t o  be f a r  below t h e  v a l u e  ob ta ined  f o r  P ioneer  

shou ld  be made he re  on t h e  bas is  o f  o n l y  t h i s  one f l i g h t .  

a r e  r e q u i r e d  a t  Reynolds numbers o f  1000, 500, and 250 t o  determine 

r e l i a b l y  i f  t h e  dramat ic  r i s e  i n  drag c o e f f i c i e n t  measured f o r  P ioneer  

Venus a t  these low Reynolds numbers a l s o  occurs f o r  G a l i l e o ,  as m i g h t  be 

expected. 

E x t r a p o l a t i o n  t o  a = 0' was accomplished, again u s i n g  

.. Venus a t  t h i s  Reynolds number. It i s  b e l i e v e d  t h a t  no firm conc lus ions  f 

A d d i t i o n a l  t e s t s  
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Figure 1.- Galileo Entry Probe Configuration. 



Ablated Galileo forebody coordinates 
dimensions in inches 

X 
0 

0.002 
.057 
.192 
.378 
.550 
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2.853 
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0.936 
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9.830 
12.981 
16.068 
19.113 
22.130 
24.028 

r (full scale) = 24.900 inches (0.632 m) 

.138 r 

\ 

Figure 2.- Comparison o f  Gal ileo nonablated and ablated geometries. 
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