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ABSTRACT 

Experimental investigations were made to determine aerodynamic 
performance of high altitude air sampling probes. Three flowthrough- 
type probes and a probe with a liquid-nitrogen-cooled charcoal pump 
w e r e  t e s t e d  at p r e s s u r e  a l t i t u d e s  f r o m  160,000 to 260 ,000  ft  in a i r f l o w s  
r a n g i n g  f r o m  M a c h  n u m b e r  1 .8  to 3 .5 .  The  i n v e s t i g a t i o n s  i n d i c a t e  tha t  
the  b o u n d a r y  l a y e r  beg ins  to m e r g e  in the  f l o w t h r o u g h - t y p e  s u p e r s o n i c  
d i f f u s e r s  be low a R e y n o l d s  n u m b e r  p e r  foot  of 2 x 104. The c h a r c o a l  
pump  p robe  i n d i c a t e d  tha t  t h e r e  i s  a 0 . 2 -  to 5 . 0 - s c f  t r a n s i t i o n  in p u m p -  
ing b e t w e e n  R e y n o l d s  n u m b e r s  p e r  foot of 1 .5  x 102 and 1.4  x 104. 
F u r t h e r  i n v e s t i g a t i o n s  w e r e  m a d e  to d e t e r m i n e  the v e l o c i t y  a t t a i n e d  by 
m i c r o n - s i z e d  p a r t i c l e s  which  w e r e  g e n e r a t e d  in Mach n u m b e r  3 . 5  low 
d e n s i t y  a i r s t r e a m s .  The  r e s u l t s  i nd i ca t e  the  gas  d e n s i t y  was  too r a r e -  
f ied  to a c c e l e r a t e  the  p a r t i c l e s  to the f r e e - s t r e a m  v e l o c i t y .  

This d ~ t  is subject t ~ p o r t  controls 
and e~ch transmittal to fOr th  governments or forei~i,~ 

be  iLh prLo o  
A" cal Ai exandria, 
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SECTION I 
INTRODUCTION 

A E D C.T R.69.4 

The  A i r  L a u n c h  A i r  R e c o v e r y  Rocke t  (ALARR) P r o g r a m  i n c l u d e s  
s e v e r a l  t y p e s  of p a y l o a d s  d e s i g n e d  to  r e m o v e  p a r t i c u l a t e  m a t t e r  f r o m  
the uppe r  a t m o s p h e r e .  Two t y p e s  a r e :  a f l o w t h r o u g h  p robe  in  which  
the f low e n t e r s  the  d i f f u s e r ,  p a s s e s  t h r o u g h  a f i l t e r ,  and t hen  i s  ex -  
h a u s t e d  out of the  pay load ,  and a c h a r c o a l  c r y o a d s o r p t i o n  p r o b e  wh ich  
a d s o r b s  the  i n c o m i n g  a i r  in to  a l i q u i d - n i t r o g e n - c o o l e d  c h a r c o a l  bed.  
The f l o w t h r o u g h - t y p e  p robe  i s  f lown at  a l t i t u d e s  f r o m  i 0 0 , 0 0 0  to 
200 ,000  ft  and the  c r y o a d s o r p t i o n  p robe  f r o m  160,000 to 300 ,000  ft .  

Wind tunne l  t e s t i n g  of the p r o b e s  was  n e c e s s a r y  to s i m u l a t e  the  
f l igh t  cond i t i ons  and enab le  p r e d i c t i o n  of the  amoun t  of the  a i r  e n t e r i n g  
the  p r o b e s  and t h e i r  p e r f o r m a n c e .  

The  t e s t s  w e r e  conduc ted  in the A e r o s p a c e  R e s e a r c h  C h a m b e r  8V 
(ARC 8V) (Fig .  1), wh ich  was  connec t ed  to the  M a r k  I r e f r i g e r a t i o n  
s y s t e m  to m a k e  use  of the  8 -kw g a s e o u s - h e l i u m  r e f r i g e r a t i o n  c a p a c i t y  
f o r  i n c r e a s e d  c r y o p u m p i n g  c a p a b i l i t y  at the  l o w e r  a l t i t udes .  A Mach  
n u m b e r  2, l ow  d e n s i t y  c o n t o u r e d  n o z z l e  was  u s e d  in  the  c h a m b e r  to p r o -  
v ide  u n i f o r m  t e s t  c o r e s  f o r  the  l o w e r  a l t i t ude  t e s t s .  T h i s  n o z z l e  was  
u s e d  i n t e r e h a n g e a b l y  t h r o u g h  the t e s t  r e g i m e  wi th  a l i q u i d - n i t r o g e n -  
coo led  Mach  n u m b e r  3 nozz l e .  The  w o r k i n g  f lu id  fo r  the  t e s t s  was  n i t r o -  
gen  gas .  

3-kw H e a t e r s  

Plenum Chamber (lO00°K) 

E 

~Ty L 18-in. Instrument Port 
: 120.0 -- pical 

Nozzle 
I n s t a l l a t £ o n  

~ S  LN2-C°°led C r ¥ o l i n e r  

CGrH;oCaC~ne1~ d FLnN2d- ~:elld 

/ 

v~ / / 
/ L, :Cool, coo. 

CLN2-Cooled Duct 
(21-1n. ID x 67 in. 
Long) 

- -  ~ . 0  

Fig. 1 Aerospace Research Chamber (8V) 



A E D C . T R . 6 9 . 4  
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The e x p e r i m e n t a l  inves t iga t ion  included f ive t e s t  chambe r  e n t r i e s :  

Pay load  Conf igura t ion  

a. Air  Fo rce  Ins t i tu te  of Technology 
(AFIT) spiked 

b. AFIT unspiked 

2 No payload,  pa r t i c l e  gene ra t i on  
and counting 

3" a. V a r i a n  
l i q u i d - n i t r o g e n -  cooled cha rcoa l  

Condi t ions  

Mach number  2 
Alt i tude,  160,000 ft 

210,000 ft 

Mach number  3 .5  
Alt i tude,  275,000 ft 

a .  Mach number  1.8 to 3 .5  
Alt i tude,  160,000 ft 

275,000 ft 

b. AFIT unspiked in le t  

4 V a r i a n  

5 Modified AFIT 

b. Mach number  3 .5  
Alt i tude,  230,000 ft 

275,000 ft 

Mach number  1.9 to 3 .5  
Alt i tude,  160,000 ft 

250,000 ft 

Mach number  1.9 to 3 .5  
Alt i tude,  160,000 ft 

250,000 ft 

SECTION II 
DESCRIPTION OF TEST ARTICLES 

The ALARR payloads  we re  all  of ogive shape ,  each a p p r o x i m a t e l y  
3 ft long and 1.5 ft at the l a r g e s t  d i a m e t e r ,  with the in le t s  being about 
5 in. in d i ame te r .  The d imens ions  of each payload a r e  g iven in F igs .  2 
and 3. 

2.1 AFIT PAYLOADS 

T h e s e  payloads  were  des igned  at AFIT,  hence the name.  They  a r e  
f lowthrough- type  a i r  s ampl ing  probes  where  the inges ted  ga se s  en t e r  
th rough  the inlet ,  pass  th rough  a diffusing sec t ion ,  a f i l t e r  med ium,  and 
tu rn ing  vanes  and a re  then exhaus ted  around the p e r i p h e r y  of the payload 
n e a r  i ts  base .  The f i l t e r  m a t e r i a l  cove r s  the exhaust  a r e a  i m m e d i a t e l y  
ins ide  the tu rn ing  vanes  and is  sandwiched  for  suppor t  between a 0. 125-in. 
g r i d  and a No. 10 copper  m e s h  s c r e e n .  
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2 . 5 0 " - "  

2 i0 L, lj.] 
2 8 . 6 5  - 

2 9 . 9 0 ~ ~  
33.00 =.J 
35.13 

i_ 

17 

All Dimensions in Inches 

" " - i l t e r  

Fig. 2 Details and Dimensions of Unspiked AFIT Payload 

r ~ l [  

l 

28.90  - ~  
31.40 
"32.65 =, 

35 .75 
37.89 

J 1 7 . 3 5  

I B .!! 
All Dimensions in Inches 

T u r n i n g  Vanes 
Sc reen  and F i l t e r - ~  

T h r o a t  
Area - 0.1028 ft 2~ 

20 dee --~ 
- I - - - ~ r ' ~ / 4 . 1 4  

5.00---~ ~ 14.90 
i _ ! _ , ~ ~ . o o  

6 . 5 5  J [-,,.11. l e - . ~  

, .  f f w / / / / / / J  ----~135 
Fig. 3 Details and Dimensions of Spiked AFIT Payload 
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2.2 UNSPIKED AFIT PAYLOAD 

The  e x t e r n a l  s h e l l  and i n t e r n a l  d i f f u s e r  a r e  c o n s t r u c t e d  of f i b e r  g l a s s ,  
w h e r e a s  the  in le t  s e c t i o n ,  exhaus t  s e c t i o n ,  and b a s e  a r e  of a l u m i n u m  and 
s t ee l .  The  d i f f u s e r  s e c t i o n  (Fig.  2) d i v e r g e s  f r o m  the  5- in .  - d i a m  in l e t  
to  14.9  in. at  t he  exhaus t  a r e a .  

2.3 SPIKED )'FIT PAYLOAD 

This payload (Fig. 3) is essentially the same as the unspiked AFIT 
payload but with a steel spike in the inlet and a slightly different contour 
for the diffuser immediately inside the inlet. 

2.4 MODIFIED ).FIT 

This payload (Fig. 4) is a modification of the unspiked AFIT payload 
with a redesigned inlet lip, diffuser, and exhaust area. 

.. ~ . . . .  ~ ~/~.. ~ ~, 

:~. ~ . . . .  : ~ ~ ~ . : , . .  . . . .  ., - 

L 

Fig. 4 Modified )'FIT with Filter Basket 
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The inle t  l ip  was r e d e s i g n e d  to d e c r e a s e  the angle of d ive rgence  so 
the gas  pa s s ing  over  the outer  su r f ace  of the payload would not be t u rned  
so abrup t ly  at the inlet .  The inlet  d i a m e t e r  r e m a i n e d  unchanged,  but 
th is  modi f i ca t ion  s l i gh t ly  i n c r e a s e d  the ove ra l l  length  of the payload.  

The d i f fuser ,  cons t ruc t ed  of a luminum,  cons i s t s  of a c y l i n d r i c a l  
s ec t ion  beginning at the inlet  and a double conical  d ive rgen t  s ec t i on  end-  
ing at the exhaus t  a r ea .  The exhaus t  a r e a  of th i s  payload has  been 
doubled over  the p rev ious  des igns .  

2.5 VARIAIq PAYLOADS 

These  payloads  (Fig.  5) were  des igned  and buil t  by V a r i a n  A s s o c i a t e s  
and a r e  cons t ruc t ed  of s t ee l ,  a luminum,  and cha rcoa l .  The gas  Sowing  
into these  payloads  is  c r y o a d s o r b e d  by a l i q u i d - n i t r o g e n - c o o l e d  c h a r c o a l  
pump which occupies  mos t  of the i n t e r i o r  vo lume of the payload.  The 
cha rcoa l  pump has  48, 1-in.  -d i am holes  th rough  i ts  length ,  giving approx i -  
m a t e l y  264 in. 2 of pumping su r f ace .  T h e r e  is a l e a k - t i g h t  bu t t e r f ly  va lve  
in the in le t  of each of these  payloads  to sea l  in the cap tured  g a s e s .  It is  
p is ton opera ted  us ing two high p r e s s u r e  n i t rogen  suppl ies .  The va lve  is  
n o r m a l l y  held c losed by 600-ps i  p r e s s u r e  and is  opened by an o v e r r i d i n g  
1400-psi  p r e s s u r e .  The payload as i n s t a l l ed  in the ARC 8V is shown in 
Fig.  6. 

Fig. 5 Varian Payload, Configuration 1 

5 
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Fig. 6 Varian Payload and Mach Number 3 Nozzle in ARC 8V 

In c o n f i g u r a t i o n  1 of th i s  pay load ,  e a c h  of the  h o l e s  in the  c h a r c o a l  
c r y o p u m p  is l i n e d  wi th  the  f i l t e r  m a t e r i a l  which  is he ld  in p l ace  by 
s p r i n g s .  C o n f i g u r a t i o n  2 d i f f e r s  only in tha t ,  in add i t ion ,  t h e r e  is  a d i sk  
of f i l t e r  m a t e r i a l  c o v e r i n g  the  e n t i r e  f r on t a l  a r e a  of the  c h a r c o a l  c r y o -  
pump,  r e s u l t i n g  in double  f i l t e r i n g  of the  i n g e s t e d  gas .  

SECTIOH III 

DESCRIPTION OF TEST FACILITY 

T h e  t e s t s  w e r e  c o n d u c t e d  in the  ARC 8V, a 1 0 - f t - d i a m  by 2 0 - f t - l o n g  
s t a i n l e s s  s t e e l  v a c u u m  c h a m b e r  u s e d  p r i m a r i l y  f o r  low d e n s i t y  a e r o -  
d y n a m i c  t e s t i n g  in the  t r a n s i t i o n  and f r e e - m o l e c u l a r  f low r e g i m e s .  F o r  
t h e s e  t e s t s ,  two i n t e r c h a n g e a b l e  n o z z l e s  w e r e  e m p l o y e d  which  p r o v i d e  
n o m i n a l  Mach n u m b e r  2 and 3 gas  f lows at t h e i r  ex i t s .  The  w o r k i n g  gas ,  
in th i s  c a s e  n i t r o g e n ,  is p u m p e d  by 120 ft 2 of g a s e o u s - h e l i u m  (20'~K) - 
coo led  c r y o p a n e l s  a r r a n g e d  in a r a d i a l  a r r a y  in the  d o w n s t r e a m  hal f  of 
the c h a m b e r .  P r e s s u r e  a l t i t udes  can be s i m u l a t e d  f r o m  150,000 to 
320 ,000  ft, d e p e n d i n g  on which  of the  n o z z l e s  is  used .  

6 
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The Mach number  3 nozz le  is  a conical ,  a luminum nozzle  having a 
l i q u i d - n i t r o g e n - c o o l e d  th roa t  and d ivergen t  s ec t i on  to reduce  bounda ry -  
l a y e r  t h i c k n e s s .  The Mach number  2 nozz le ,  used  for  the l o w e r  s i m u -  
l a ted  a l t i tudes ,  is  an uncooled,  contoured f i be r  g l a s s  nozz le .  A typ ica l  
nozzle  i n s t a l l a t i on  for  a e r o d y n a m i c  t e s t ing  in the ARC 8V is  shown in 
Fig.  1. 

The payloads  were  mounted  on a suppor t  m e c h a n i s m  which suppor ted  
the payloads  at the r e a r .  Th i s  m e c h a n i s m  could be pivoted in a h o r i z o n t a l  
plane about a v e r t i c a l  axis  pa s s ing  th rough  the cen t e r  of the payload  inle t  
to s imu la t e  va r i ous  ang les  of a t tack f r o m  0 to 20 deg. 

3.1 VARIAN (CONFIGURATIONS 1 AND 2) 

To cool the cha rcoa l  c ry6pump in the V a r i a n  payload,  it was con-  
nec ted  to the ex i s t ing  l i q u i d - n i t r o g e n  supply  to the ARC 8V chamber .  
The cha rcoa l  was w a r m e d  by f lowing hea ted  n i t r ogen  gas th rough  the 
l i q u i d - n i t r o g e n  shroud  su r round ing  the aft end of the cha rcoa l .  The 
n i t r ogen  was suppl ied  f r o m  c o m p r e s s e d  gas  c y l i n d e r s  and p a s s e d  th rough  
a coil  of 0 . 5 - i n .  - d i am copper  tubing which was hea ted  r e s i s t i v e l y  by 
pa s s ing  a l a r g e  e l e c t r i c a l  c u r r e n t  th rough  the coil.  The c u r r e n t  was 
f u r n i s h e d  f r o m  s e v e r a l  high c u r r e n t  t r a n s f o r m e r s ,  each con t ro l l ed  by a 
v a r i a b l e  r h e o s t a t .  

The in le t  va lve  on the V a r i a n  payload was opera ted  f r o m  outs ide  the 
c h a m b e r  us ing  two bot t les  of c o m p r e s s e d  n i t rogen  gas ,  one r e g u l a t e d  to 
600 ps i  to keep  the va lve  c losed  and the o ther  r egu l a t ed  to 1400 ps i  to 
o v e r r i d e  the 600 ps i  and open the valve .  Two n o r m a l l y  c losed  so lenoid  
va lves  were  used  in the 1400-psi  p r e s s u r e  s y s t e m  to apply and r e l e a s e  
the p r e s s u r e  as r e q u i r e d  to opera te  the va lve .  

3.2 UNSPIKED AND MODIFIED AFIT 

In Fig. 7 a 0. 250-in. -OD horizontally traversing totalpressure 
probe is shown schematically in the exhaust section of the Unspiked AFIT 
payload. This probe was also used with the Modified AFIT payload. The 
probe was operated manually from outside the chamber. 

With the modified AFIT payload, a sliding sleeve was mounted close 
around the aft end of the payload (Fig. 8) to decrease the exhaust area 
by one-half when the sleeve was in the forward position. Normally, the 
sleeve was fully retracted to allow for the full exhaust opening. The 
sleeve was positioned by an air-actuated piston controlled from outside 
the chamber. 
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0.125-ID S t a t i c  Pressure Taps 

0~25-0D P i t o t  Probe-~ 

14 

s Chamber Wall 

,'on 

Fig. 7 Unspiked AFIT Payload' with Instrumentation Locations 

Fig. 8 Modified AFIT in ARC 8V 
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SECTION IV 
TEST INSTRUMENTATION 

The  n o z z l e  p l e n u m  p r e s s u r e  f o r  both the  Mach  n u m b e r  2 and 3 
n o z z l e s  was  m e a s u r e d  wi th  an A l p h a t r o n  ® p r e s s u r e  gage .  A nude  i o n i z a -  
t ion  gage  was  m o u n t e d  in the  t e s t  s e c t i o n  of the  c h a m b e r  to m o n i t o r  the  
c h a m b e r  b a c k g r o u n d  p r e s s u r e  be low 10 .3 t o r t  b e f o r e  t e s t i n g .  

4.1 UNSPIKED AFIT PAYLOAD 

Sta t i c  p r e s s u r e  da t a  in th i s  pay load  w e r e  t a k e n  wi th  one A l p h a t r o n  
c o n n e c t e d  to e a c h  of t h r e e  p a i r s  of d i a m e t r i c a l l y  o p p o s e d  s t a t i c  p r e s -  
s u r e  t aps  l o c a t e d  in the  d i f f u s e r  wal l  at  d i f f u s e r  d i a m e t e r s  of 8, 10, and 
14 in. A h o r i z o n t a l l y  t r a v e r s i n g  to ta l  p r e s s u r e  p robe  c o n n e c t e d  to  an 
A l p h a t r o n  was  u s e d  to m e a s u r e  to ta l  p r e s s u r e  b e t w e e n  the  s t a t i c  p r e s -  
s u r e  t aps  at the  8 - in .  d i f f u s e r  d i a m e t e r ,  and a n o t h e r  s i m i l a r  p r o b e  was  
u s e d  to m e a s u r e  the  to ta l  p r e s s u r e  b e t w e e n  the  s t a t i c  p r e s s u r e  t aps  
l o c a t e d  at  the  14- in .  d i f f u s e r  d i a m e t e r  as  i n d i c a t e d  in F ig .  7. 

An A l p h a t r o n  on the  Mach  n u m b e r  3 n o z z l e  s k i r t  m e a s u r e d  n o z z l e  
s t a t i c  p r e s s u r e ,  and an A l p h a t r o n  in the  c h a m b e r  t e s t  s e c t i o n  was  u s e d  
to m o n i t o r  p r e s s u r e s  d u r i n g  t e s t  r u n s .  

A r a d i o  f r e q u e n c y  o s c i l l a t o r  wi th  the  a n t e n n a  p l a c e d  about  the  pay- 
load inlets was used to excite the nitrogen gas so the flow could be 
observed visually and photographed. 

4.2 MODIFIED AFIT PAYLOAD 

D u r i n g  t e s t  r u n s  1 t h r o u g h  12, s t a t i c  p r e s s u r e s  w e r e  m e a s u r e d  wi th  
A l p h a t r o n s  and  B a r a t r o n s  e ,  w h e r e a s  the  two to ta l  p r e s s u r e s  w e r e  m e a s -  
u r e d  wi th  a L i o n  e gage  and a B a r a t r o n .  C h a m b e r  s t a t i c  p r e s s u r e  n e a r  
the  t e s t  s e c t i o n  was  m e a s u r e d  wi th  an A l p h a t r o n  d u r i n g  t e s t  r u n s  13 
t h r o u g h  28, but on r u n s  29 t h r o u g h  33 th i s  A l p h a t r o n  was  u s e d  to ob ta in  
Mach  n u m b e r  3 n o z z l e  s t a t i c  p r e s s u r e .  

4.3 VARIAN PAYLOAD (CONFIGURATIONS 1 AND 2) 

The  p r e s s u r e  i n s i d e  the  p a y l o a d  was  m e a s u r e d  t h r o u g h  a s m a l l  
d i a m e t e r  tube  p a s s i n g  c o m p l e t e l y  t h r o u g h  the  c h a r c o a l  to the  r e a r  of the  
p a y l o a d  w h e r e  an A l p h a t r o n  was  c o n n e c t e d .  
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SECTION V 

PROCEDURE 

5.1 UNSPIKED AFIT 

A to ta l  of 19 t e s t  r u n s  w e r e  m a d e  on the  u n s p i k e d  AFIT pay load  in 
the  ARC 8V u n d e r  the  fo l lowing  cond i t ions :  

..... Without  F i l t e r  

Angle  of At tack,  D i f f u s e r  
Al t i tude ,  Z, ft ~, deg  D i a m e t e r ,  in. 

300~000 0 8 and 14 

275 ,000  0 8 and 14 

275 ,000  5 14 

275 ,000  10 8 and 14 

250,000 0 8 and 14 

250 ,000  10 8 and 14 

With Double  T h i c k n e s s  
of O. 25 B a s i c  Weigh t  F i l t e r  

Angle  of At tack,  D i f f u s e r  
Al t i tude ,  Z, ft ~, deg  D i a m e t e r ,  in. 

250 ,000  0 8 and 14 

250 ,000  10 8 and 14 

240 ,000  0 8 and 14 

240 ,000  10 8 and 14 

A v e r a g e  s t a t i c  p r e s s u r e  m e a s u r e m e n t s  w e r e  m a d e  at the  wal l  of t he  
d i f f u s e r  at d i f f u s e r  d i a m e t e r s  of 8, 10, and 14 in. Tota l  p r e s s u r e  m e a s -  
u r e m e n t s  w e r e  m a d e  with a h o r i z o n t a l l y  t r a v e r s i n g  p robe  at 1- in .  i n t e r -  
v a l s  a c r o s s  the 14- in .  d i f f u s e r  d i a m e t e r  and at 0 . 5 - i n .  i n t e r v a l s  a c r o s s  
the 8- in .  d i f f u s e r  d i a m e t e r .  P r e s s u r e  r e a d i n g s  w e r e  r e c o r d e d  only a f t e r  
all  p r e s s u r e  gages  had  s t a b i l i z e d .  

5.2 MODIFIED AFIT 

A total of 33 test i'uns were made on the modified AFIT payload 
under the following conditions: 
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Run No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

Mach N u m b e r ,  
M 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Al t i tude ,  
Z, ft 

190,000 

190,000 

190,000 

190,000 

175,000 

175,000 

175,000 

175,000 

160,000 

160,000 

160,000 

160,000 

210 ,000  

210,000 

210 ,000  

210 ,000  

190,000 

190,000 

190,000 

190,000 

175,000 

175,000 

160,000 

175,000 

175,000 

160,000 

160,000 

160,000 

Angle  of 
At tack ,  

~, deg  

0 

10 

15 

0 

0 

0 

10 

15 

15 

10 

0 

0 

0 

0 

10 

15 

15 

10 

0 

0 

0 

0 

0 

10 

15 

15 

10 

0 

Filter 
Weight ,  

W 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Exit Area 
Fraction, 

A 

1 

1 

1 

0 .5  

0 .5  

1 

1 

1 

1 

1 

1 

0 . 5  

0 .5  

1 

1 

1 

1 

1 

1 

0 .5  

0 .5  

1 

1 

1 

1 

1 

1 

0 .5  
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Angle  of F i l t e r  Exi t  A r e a  
Mach  N u m b e r ,  Al t i tude ,  At tack,  Weight ,  F r a c t i o n ,  

Run No. M Z,  ft ~, deg  W A 

29 3 2 4 0 , 0 0 0  0 0 . 5  0 . 5  

30 3 2 5 0 , 0 0 0  0 0° 5 0 . 5  

31 3 2 5 0 , 0 0 0  0 0 . 5  1 

32 3 2 5 0 , 0 0 0  10 0 . 5  1 

33 3 2 5 0 , 0 0 0  15 0 . 5  1 

Sta t ic  p r e s s u r e  m e a s u r e m e n t s  w e r e  m a d e  i n t e r n a l  and e x t e r n a l  to  
the  in le t  s ec t i on ,  a long the  d i f f u s e r  wal l ,  and i n t e r n a l  and e x t e r n a l  to  the  
ex h au s t  a r e a .  To ta l  p r e s s u r e  m e a s u r e m e n t s  w e r e  m a d e  wi th  a t r a v e r s i n g  
p r e s s u r e  p robe  in 1 . 0 - i n .  i n t e r v a l s  a c r o s s  a d i a m e t e r  e v e n  wi th  the  f ron t  
of the  exhaus t  s e c t i o n  and wi th  a s t a t i o n a r y  t ap  on the  back  p la te  of the  
ex h au s t  s e c t i o n  n e a r  the  f i l t e r .  See Fig .  9 fo r  l o c a t i o n  of p r e s s u r e  t aps .  

18 

j - 
t2* 13 t$o 36 - -  

5*9 .315 

15 2 3* ,~, 
/ I " *~  

5 U s e d  i n  AEF T e s t s  

4 

3 2 - -  

3 3 - -  

34-- 
,9 10 35 - -  

15" 

19 I =  

3 0 -  

2 9 -  

2 8 -  

2 7 -  

2 6 -  

20 

21 - ~  
22- 
23 " ~ 
24- 
25"-  

16" ~ '  

O 10 20 30 
Inches 

Fig. 9 Location of Pressure Taps, Modified AFIT 

5.3 VARIAN TEST, CONFIGURATION I 

B e f o r e  t e s t i n g  began ,  the  c h a m b e r  was  p u m p e d  down to 10-8 t o r r ,  
and the  pay load  c h a r c o a l  c r y o p u m p  was baked  out f o r  3 h r  at 480eF wi th  
the  in le t  va lve  open.  T h i s  in i t i a l  bakeout  was  p e r f o r m e d  w h e n e v e r  the  

12 
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c h a r c o a l  had b e e n  p r e v i o u s l y  e x p o s e d  to the  a t m o s p h e r e .  A i r  c o l l e c t i o n  
e f f i c i e n c y  t e s t s  w e r e  then  s t a r t e d  and p e r f o r m e d  fo r  the fo l lowing  con-  
d i t ions :  

Mach Angle  of S i m u l a t e d  P r e s s u r e  
N u m b e r  At tack ,  deg T01, °R Al t i tude ,  ft P01, m m  Hg 

3 .5  0 

3 .5  0 

3 .5  15 

1.75 0 

i .  75 15 

1.91 0 

I. 91 15 

I. 94 0 

1.94 15 

530 260 ,000  O. 770 

240 ,000  1.75 

240 ,000  1 .75 

210 ,000  O. 50 

210,000 0 .50  

180,000 2 .20  

180,000 2 .20  

160,000 4 .90  

160,000 4 . 9 0  

B e f o r e  each  t e s t  run  the  c h a r c o a l  was  coo led  fo r  a p p r o x i m a t e l y  6 h r  
wi th  l i qu id  n i t r o g e n  unt i l  the  f ron t  t e m p e r a t u r e  s e n s o r  i n d i c a t e d  a p p r o x i -  
m a t e l y  -290°F; a typ ica l  coo ldown cu rve  is  shown  in Fig .  10. The  gas  
f low t h r o u g h  the  n o z z l e  was  t h e n  s t a r t e d  and a l l owed  to s t a b i l i z e .  The  
pay load  in l e t  va lve  was  opened  and le f t  open  unt i l  the  pay load  p r e s s u r e  
c e a s e d  r i s i n g ,  i n d i c a t i n g  that  the  shock  had  m o v e d  out of the  in le t .  At 
th i s  t i m e  the  in le t  va lve  was c lo sed .  The  c h a r c o a l  was  h e a t e d  wi th  hot  
n i t r o g e n  at 450°F unt i l  the  f ron t  t e m p e r a t u r e  s e n s o r  i n d i c a t e d  a p p r o x i -  
m a t e l y  l l 0 ° F .  The  hot  n i t r o g e n  f low was  then  s topped ,  and the  c h a r c o a l  
t e m p e r a t u r e  was  a l l owed  to s t a b i l i z e  at r o o m  t e m p e r a t u r e  b e f o r e  the  pay -  
l o a d  i n t e r n a l  p r e s s u r e  was  r e c o r d e d  and the  c o l l e c t e d  gas  r e l e a s e d .  The  
w a r m u p  p r o c e d u r e  r e q u i r e d  about a to ta l  of 12 hr ;  a t yp i ca l  w a r m u p  c u r v e  
is shown  in Fig .  11. 

5.4 VARIAN PAYLOAD. CONFIGURATION 2 

The  p r e t e s t  p r o c e d u r e s  f o r  th is  pay load  w e r e  the  s a m e  as f o r  
Conf igu ra t i on  1 wi th  two e x c e p t i o n s :  The  c h a r c o a l  was  baked  out fo r  
a p p r o x i m a t e l y  4 h r  wi th  the in l e t  va lve  open b e f o r e  e a c h  t e s t  r u n  r a t h e r  
than  only a f t e r  e x p o s u r e  to  the  a t m o s p h e r e ,  and the  c h a r c o a l  was  ac t i -  
v a t e d  by coo l ing  f o r  8 h r  r a t h e r  t han  6 hr .  

13 



AEDC.TR.69.4 

i 0 0  

0 

50 

0 

- 5 0  

- 1 0 0  

-150 

- 2 0 0  
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- 3 0 0  
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0 F r o n t  T e m p e r a t u r e  S e n s o r  

/k Rear  T e m p e r a t u r e  S e n s o r  

0 1 2 3 4 5 

E l a p s e d  T i m e ,  h r  

Fig. 10 Typical Cooldow. Time versus Temperature, Varian Payload 
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Fig. i i  Typical Warmup Time versus Pressure, Varian Payload 
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Air  collection efficiency tes t s  were conducted for Configuration' 2 under  
the following conditions: 

Mach Angle of Simulated P r e s s u r e  
Number  Attack, deg T01, °R Altitude, ft P01, mm Hg 

3.5 0 530 260,000 0.77 
| I 

3.5 [ ] 240,000 1.75 

1 . 9 4  ~ ~ 1 6 0 , 0 0 0  4 . 9 0  

The post tes t  procedures  for this configuration were the same as for  
Configuration 1. 

To get an indication of the charcoal temperature, two platinum tem- 
perature 'sensors were employed, one placed near the liquid-nitrogen 
shroud around-the aft end of the charcoal and the other placed' near the 
fore end of the charcoal. The sensors were read out on a dual pen strip 
chart recorder and the system calibrated with two constant current 
power supplies and a digital voltmeter. 

SECTION VI 
RESULTS AND DISCUSSION 

6.1 ALARR PAYLOADS 

Figures 12 and 13 show the calibration results of the Mach number 
2 and 3 low density nozzles. In the figures, free-stream Mach number, 
Reynolds number per foot, and altitude are plotted as functions of nozzle 
reservoir pressure. 

2.0 - 5.o f 2.4[  To1 - 3oo°K, T, - 3oo°1, D* - s.s io., D - g o i,. 
1% h c U  ~ b e r  0 

~1 8 Re/ % 3.ol- " ~.ol- / ~  / 

1,6  l . O [  1 6 

1 5 -  0 [ 1 .4  
0 1 . 0  2 . 0  3 . 0  4 . 0  5 , 0  8 . 0  7 . 0  8 0 

Reservolr P~'ossure. mm Hg 

Fig. 12 Free-Stream Calibration Results of Much Number 2 Fiber Gloss Nozzle 
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- 300UK, T w " 80°K, D* " ]0.8 .tO., D e - 30.0 .in, 

3.4  - ..'~ 4 .0  % 2.8 I ~  

o 

3.2 - Io 3.0 L ~ 2.6 

,,a 

2,8 - ! 0 I -  2.2 

2,6 - 0 2.0 
0 0 .2  ( I .4  0 . 6  0 , 8  1 .0  1 .2  1 .4  1 6 1 8 

~ese~t, olr pro~bure, "r.'C ~g 

Fig. 13 Free-Stream Calibration Results of Math Number 3 Nozzle 

The tests of the unspiked and spiked AFIT payload showed from visual 
observation that the payloads were very altitude limited in Mach number 2 
flows. The flow visualization of the spiked inlet payload showed the oblique 
and normal shocks attached only at 180,000-ft altitude. The unspiked AFIT 
inlet payload from test chamber entries I and 3 was found to be operational 
from 160,000- to 235,000-ft altitudes with a filter paper of one-half the 
basic weight. Figure 14 shows the total pressure survey in the 8-in. -diam 
diffuser section without filter paper. Since the exit area is two and one- 
half times greater than the inlet area, at the lower altitudes the shock is 
completely swallowed. The flow separates from the diffuser wall when 
passing through the inlet. As the altitude is increased, %he boundary layer 
in the diffuser merges. 

Figures 15, 16, and 17 show the effect with the filter paper of one- 
half the basic weight added to the exhaust area. The addition of the filter 
resulted in a more favorable pressure gradient along the diffuser wall. 
The pressure recovery is at a maximum, and the normal shock is attached 
to the inlet. Figure 18 shows no significant loss in total pressure in the 
payload at an angle of attack of i0 deg. 

Figure 18 shows typical variations in nozzle static and Varian pay- 
load pressures with run time. With the payload valve closed, the detached 
inlet normal shock causes an increase in nozzle static pressure. When 
the valve is open, the shock is swallowed until the charcoal has reached 
its adsorbing limit; then, the shock begins to move out of the inlet, again 
causing an increase in nozzle static pressure. The payload and nozzle 
static pressures were used to determine the payload maximum sampling 
times which, by definition, correspond to the time the normal shock 
remains within the inlet. 
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A F I T  P a y l o a d  
No Filter 

~. ", = 0 d e g  
,~  M® - 3 . 5  
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~~o 
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LI 
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300 - 
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A 

A 0 0 0 0 0 0 0 0 ~, 

~ o ~ o  o ? o g g  @ 
- 2  -1  0 1 2 3 

Distance 1tom ~, in. 

- 0 .063  mm HK 

- 0 . 28  au~ Hg 

- 1 . 4  mm Hg 

I 

f 
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Fig. 14 Measured Total Pressure inside AFIT Payload, without Filter Paper, 8-in. Station 

0 ]/avg " 0 . 4 0  /% Havg - 0 . 4 4  

(') (p) --,.o~1o-1-~8 
tm avg  " 3 . 9 3  x 10  - 1  ,w, Hg tm a v g  = 2 . 6 3  x 10 - 1  m Hg 

? 8 1 ) a v g  - 3 . 4  x 10 -1  m ~ ( P S l ) a v g  

Ptm, I~ Hg 

5 0 0  

AFIT P a y l o a d  
Ang le  o f  A t t a c k  - 0 d e g  

~ - 3 . s  P- 
. A P  0., - 1 . 4  rm Hg 

0 P0 ~ 1.8 mm HE 
I 

O n e - H a l f  B a s l s  W e i g h t  F l l t e r  

,oo  I 
! , , , I, , , 
- 4  - 3  -2  - I  0 1 2 3 4 

D i s t a n c e  f rom ~, i n .  

Fig. 15 Measured Total Pressure inside AFIT Payloacl, with Filter, 8-in. Station 
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O POl - 1 .8  mm Hg 

Mavg - 0 .35 

( , t m ) a v ,  4 .06 x 10 -1  . Hg 

~P 3)8 avg " 3"73 x 10-1 mm Rg 

Pt m 

500 

, ,  , ,  2 o o -  

~ 200 
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- 8  - 6  - 4  - 2  0 2 

Dis t ance  from ~, i n .  

PO1 - 1 .4  n 

Mavg - 0.32 

(Ptm) - 3 .0  x 10-1 ~ Hg 
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( 3 l ay  8 

Hg 

AFIT Payload 
Angle o f  A t t a c k  - 0 d e e  

~ - 3 . 5  
T01 - 300°K 

~ e - H a l f  Bas i s  

4 6 8 

Fig. 16 Measured Total Pressure inside AFIT Payload, with Filter, 14-in. Station 

0 Pox - 1 . 9 .  H. ZX P01- 1.4..g 

Mavg - 0.34 Mavg - 0.31 
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Fig. 17 Measured Total Pressure inside AFIT Payload, with Filter Paper, 
8-in. Station, |0-deg Angle of Attack 
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| 3  

al 
z o 2 

- - ~  Nozz le  Flow On P a y l o a d  V a l v e  C l o s e d  

F P a y l o a d  V a l v e  Open 
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• - - -~ '  P a y l o a d  T o t a l  
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Fig.  18 Typica l  Pressures versus Run Time,  Yarian Payload 

Figure  19, based  on data f rom Ref.  1, shows  the p r e s s u r e  drop 
a c r o s s  IPC 1478 f i l ter  paper,  used in the air sampl ing  probes ,  v e r s u s  
f r e e - s t r e a m  Reynolds  number  per foot. Be low 6 x 104 Reynolds  number  
per foot the p r e s s u r e  drop a c r o s s  the paper i n c r e a s e s  s ign i f i cant ly  with 
d e c r e a s i n g  Reynolds  number.  

6.0 

7 .0  

5.0 

~ / - - F L l t e r  

Flow--~ Pl i P2 

4.0 

3.0 

2.0 

1.0 

0 1 . 0  2 . 0  3 . 0  

I I I I I I 
4.0 6.0 6.0 7 .0  8.0 9.0 

Reynolds .~umber/ft x 10 -4 

I 
10.0 

Fig.  19 Pressure Drop versus Reynolds Number for IPC 1478 Fi l ter  Paper 
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In Fig .  20 a r e  p lo t t ed  gas  v o l u m e  c a p t u r e d  in the pay load  and the  
m a x i m u m  s a m p l i n g  t i m e  as func t ions  of f r e e - s t r e a m  R e y n o l d s  n u m b e r  
p e r  foot  o v e r  Mach  n u m b e r  (the i n v e r s e  K n u d s e n  n u m b e r ) .  The  c u r v e s  
i nd i ca t e  t h e r e  is  a t r a n s i t i o n  in the  gas  v o l u m e  c a p t u r e d  b e t w e e n  
Reyno lds  n u m b e r  p e r  foot of 1 .5  x 102 and 1.4 x 104. Th i s  t r a n s i t i o n  
is  c a u s e d  by the  v i s c o s i t y  e f f ec t s  on the  p r e s s u r e  d rop  a c r o s s  the  f i l t e r  
pape r .  Whi le  da ta  a r e  in g e n e r a l  a g r e e m e n t  wi th  t h o s e  of Ref.  2, it  is 
c o n c l u d e d  tha t  the  v i s c o u s  ef fec t  r a t h e r  than  the  c h a r c o a l  a d s o r p t i o n  
r a t e  l i m i t s  the  amoun t  of gas  cap tu red .  This  is  ev iden t  when  the  pay load  
va lve  is  c l o s e d  a f t e r  s a m p l i n g  and the  p r e s s u r e  in the  pay load  d e c r e a s e s .  
V a r i a n  pay load  Conf igu ra t i on  2, in which  a f i l t e r  p a p e r  of o n e - h a l f  the  
b a s i c  weight  was  p l a c e d  n o r m a l  to  the  opening  of the  tubes ,  c a p t u r e d  
only o n e - t h i r d  the  gas  that  Conf igu ra t i on  1 c a p t u r e d  fo r  the  s a m e  s a m -  
pl ing t i m e s .  

" - ' "  6 

E 
¢7t  
I " -  

, m  

E 
#, 
E 4 
. - t  

E , B  
:=< 

e -  

. 2 

,3 

\ \ 
- %% [ ~ o Mm " 1.8, 1. g, 3. 5 IExtrapolated 1/Time - O) Z',, ,', M~=1.9, 3.1(Ref. 2) 

__ Maximum Pressure 

m 

I I I 

10 2 10 3 10 4 10 5 

Re/Mop ft -1 

F ig.  20 Volume Captured and Sampling T ime  versus  Re/M~ 

6.2 PARTICLE VELOCITY AND CONCENTRATION MEASUREMENTS 

Since  one of the  o r i g i n a l  p u r p o s e s  of t h e s e  t e s t s  was  to d e t e r m i n e  
the  p a r t i c l e  c o l l e c t i o n  e f f i c i e n c y  of the  ALARR pay loads ,  it was  n e c e s -  
s a r y  to i n j e c t  p a r t i c l e s  into the  gas  f low and a t t e m p t  to d e t e r m i n e  t h e i r  
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v e l o c i t y  r e l a t i v e  to the  f r e e - s t r e a m  gas  v e l o c i t y .  A m m o n i u m  c h l o r i d e  
and a l u m i n u m  c h l o r i d e  w e r e  h e a t e d  and s u b l i m e d  into  the n o z z l e  p l e n u m  
c h a m b e r  to c r e a t e  p a r t i c l e s  f r o m  about  0 .1  to 5 o r  6p in d i a m e t e r .  
A t t e m p t s  to s p r a y  a so l i d  in  s u s p e n s i o n  t h r o u g h  a s m a l l  d i a m e t e r  n o z z l e  
in to  the  p l e n u m  c h a m b e r  to c r e a t e  s m a l l  p a r t i c l e s  p r o v e d  u n s u c c e s s f u l  
b e c a u s e  of s o l i d i f i c a t i o n  of the s u s p e n s i o n  and c logg ing  of the  nozz l e  on 
e n c o u n t e r i n g  the low p r e s s u r e  in  the  p l e n u m  c h a m b e r .  

Af t e r  c o n s i d e r i n g  v a r i o u s  ways  of m e a s u r i n g  p a r t i c l e  v e l o c i t y  in  
the gas  f low,  i t  was  dec ided  a l i g h t  s c a t t e r i n g  t e c h n i q u e  b a s e d  on M i e ' s  
t h e o r y  would be" bes t ,  s i n c e  it  would not  be n e c e s s a r y  to p l ace  any  flowo 
d i s t u r b i n g  ob jec t  in  the  p a r t i c l e - g a s  f low. 

6.2.1 Single Beam Technique 

The  f i r s t  a t t e m p t  to m e a s u r e  p a r t i c l e  c o n c e n t r a t i o n  and v e l o c i t y  in 
the gas  s t r e a m  at  the n o z z l e  exi t  e m p l o y e d  a s i n g l e  con t inuous ,  h e l i u m -  
neon  p o l a r i z e d  l a s e r  b e a m  d i r e c t e d  h o r i z o n t a l l y  a c r o s s  the  d i a m e t e r  of 
the  Mach  n u m b e r  3 n o z z l e  and s e v e r a l  i n c h e s  d o w n s t r e a m  f r o m  the  
n o z z l e  ex i t  (F ig .  21). A 7102 p h o t o m u l t i p l i e r  tube  was  m o u n t e d  at  the  
top edge  of the  n o z z l e  ex i t  l ook ing  v e r t i c a l l y  downward  at  the  l a s e r  b e a m ,  
s i n c e  a c c o r d i n g  to M i e ' s  l i g h t  s c a t t e r i n g  t h e o r y  the m a x i m u m  l i g h t  i s  
s c a t t e r e d  at 90 deg to the  i nc iden t  b e a m .  The  p h o t o m u l t i p l i e r  s l i t  l e n g t h  
was  o r i e n t e d  p e r p e n d i c u l a r  to the l e n g t h  of the  l a s e r  b e a m ,  and a l e n s  
f o c u s e d  the  b e a m  onto the  s l i t .  P a r t i c l e s  p a s s i n g  t h r o u g h  the  l a s e r  b e a m  
in the  f i e l d  of v i ew  of the  p h o t o m u l t i p l i e r  tube  r e f l e c t  l i g h t  in to  the  tube .  
The  tube then  f e e d s  a s i g n a l  in to  an o s c i l l o s c o p e  wh ich  was  a d j u s t e d  so  
t ha t  the  s w e e p  was  t r i g g e r e d  only  by s i g n a l s  above a c e r t a i n  s t r e n g t h .  
The  o s c i l l o s c o p e  t r a c e s  p r o d u c e d  by e a c h  p a r t i c l e  p a s s i n g  t h r o u g h  the  
l a s e r  b e a m  in the  f i e ld  of v i ew of the  p h o t o m u l t i p l i e r  tube w e r e  pho to -  
g r a p h e d ,  Knowing  the  wid th  of the  l a s e r  b e a m  and the  s w e e p  t i m e  of the  
o s c i l l o s c o p e ,  the  v e l o c i t y  of the  p a r t i c l e s  could  be d e t e r m i n e d  f r o m  the 
m e a s u r e d  peak  width  of the  t r a c e s .  

6.2.2 Double Beam Technique 

The m e a s u r e m e n t  of p a r t i c l e  a p p r o x i m a t e  v e l o c i t i e s  was  a l s o  
a t t e m p t e d  by d e t e r m i n i n g  the  f l igh t  t i m e s  be tween  two p a r a l l e l  h e l i u m -  
neon  l a s e r  b e a m s  0 . 4  in. a p a r t  in  a h o r i z o n t a l  p lane  p l a c e d  s e v e r a l  
i n c h e s  d o w n s t r e a m  f r o m  the  n o z z l e  ex i t  a c r o s s  the  n o z z l e  d i a m e t e r .  The  
p h o t o m u l t i p l i e r ,  l o c a t e d  as  p r e v i o u s l y  d e s c r i b e d ,  i d e a l l y  g ive s  a double  
pu l se  as  the  p a r t i c l e  t r a v e r s e s  t h e s e  b e a m s ;  the  p a r t i c l e  f l i gh t  t i m e s  
m a y  be d e t e r m i n e d  f r o m  the s e p a r a t i o n  d i s t a n c e  and the  m e a s u r e d  p u l s e  
width.  The  b e a m  s e p a r a t i o n  was  d e t e r m i n e d  in p a r t  by  c o n s i d e r i n g  the 
s w e e p  t i m e  and r e s p o n s e  t i m e  of the  o s c i l l o s c o p e .  The  p u l s e s  a r e  t hen  

22 



A E D C ' T  R-69.4  

p r o c e s s e d  e l ec tron ica l ly  (shaped and gated) for  counting and recording 
purposes .  The purpose in the spec i f i c  design was to es tabl i sh  a means  
for measur ing  the mean veloci ty ,  and ult imately ,  with the addition of 
more  e laborate  instrumentation,  the ve loc i ty  distributi6n by recording  
individual part ic le  ve loc i t i e s .  

~ C h a m b e r  Wall 

/-Photo- 

M i r r o r ~  . _ / Mach 3 ~ I r l ~  Beam 

v i e w  l,ooking into N o z z l e  

Choppe.Lar" 11 
B l a d e  .~tlLurl J I Mach 3 ~ m 

" / ~ ' - ~  \ ~ o ~ . o ~  _ l J - - e  
Tu::nirng "-~11- = : C h o p p e r  fFi I ~ l : - - ' ~ ; ~ ;  =--=_--~_--_ = ~_~'-- f f  AbsorberB =,m 

Top V i e w  

Fig. 21 Schematic of Particle Velocity Apparatus 
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Shown in  Fig.  22 is the  b lock  d i a g r a m  of the  b a s i c  s y s t e m .  The  
a s s o c i a t e d  t i m i n g  d i a g r a m  is  shown  in F ig .  23. The  func t ion  d e s i g -  
na t ed  Gate  A1 is  the  d u r a t i o n  of the  s c o p e  s w e e p  and is  s e t  at a t i m e  
s l i gh t l y  g r e a t e r  t han  twice  the  m a x i m u m  f l igh t  t i m e  an t i c i pa t ed .  Th i s  
t i m e  i s  r e q u i r e d  to  a s s u r e  that  s u b s e q u e n t  p a r t i c l e s  do not  i n i t i a t e  
ga t ing  func t ions  unt i l  a l l  p r e v i o u s  o p e r a t i o n s  a r e  c o m p l e t e .  T i m e  
B a s e  B is s e t  at a pu l se  width  su f f i c i en t  to  se t  a l o w e r  b o u n d a r y  on t he  
p a r t i c l e  f l ight  t i m e s .  De lay  t i m e  t 2 is  s e t  s l i g h t l y  l o n g e r  than  the  
width  of Gate  B1 and s e r v e s  the  p u r p o s e  of a s s u r i n g  the  use  of doub le t s  
that  only have  the  f i r s t  pu l s e  o c c u r r i n g  at the  t i m e  of Gate  A1. The  
s y s t e m ,  as d e s i g n e d ,  d e l a y s  e a c h  pu l se  of a doub le t  an equa l  amoun t ,  
and the  sepaz;a t ion of the  t r a i l i n g  edge  of t h e s e  de l ays  {tl) is  i n d i c a t i v e  
of the  f l ight  t i m e .  F i g u r e  23 a l so  shows  v a r i o u s  s i t u a t i o n s  w h e r e  the  
e x i s t e n c e  of m u l t i p l i e r  p u l s e s  wi l l  not  be r e c o r d e d .  

G a t e  

B I 

G a t e  

T~ 

Gate  " " "  S top  
B 2 

O 

Fig. 22 Particle Velocity Instrumentation Schematic 

F o r  a v e r a g e  v e l o c i t y  m e a s u r e m e n t s ,  the  s t a r t  pu l se  is  u s e d  to  t u r n  
on a c o u n t e r  and the  s top  pu l se  to t u r n  off the  c o u n t e r .  T h e s e  func t ions ,  
in e s s e n c e ,  ga te  a 1-MHz c o u n t e r  o s c i l l a t o r  of the  s a m e  i n t e r v a l  as the  
pu l se  width  output.  A s e c o n d  c o u n t e r  can  be u s e d  to count  t he  n u m b e r  
of t i m e s  that  a double t  is d e t e c t e d .  The  quo t i en t  of the  to ta l  count  and 
double t  count  is  a m e a s u r e  of the  m e a n  f l ight  t i m e  in m i c r o s e c o n d s .  

The  use  of m o r e  c o m p l i c a t e d  da ta  hand l ing  e q u i p m e n t  f o r  r e c o r d i n g  
and count ing  the  n u m b e r  of p a r t i c l e s  in a g i v e n  v e l o c i t y  i n t e r v a l  cou ld  
p r o v i d e  a s y s t e m  which  would  y i e l d  a v e l o c i t y  d i s t r i b u t i o n  fo r  the p a r t i -  
d e s ;  h o w e v e r ,  f u r t h e r  r e f i n e m e n t  of the  s y s t e m  was d i s c o n t i n u e d  a f t e r  
it b e c a m e  ev iden t  that  the  p a r t i c l e s  could  not  be a c c e l e r a t e d  to the  f r e e -  
s t r e a m  gas  v e l o c i t y  by d rag  f o r c e s ,  thus  m a k i n g  u s e l e s s  the  da ta  t a k e n  
in any p a r t i c l e  c o l l e c t i o n  e f f i c i e n c y  t e s t s  u s ing  t h e s e  l o w - s p e e d  p a r t i c l e s .  
An a n a l y s i s  of the  p a r t i c l e  a c c e l e r a t i o n  is  g iven  in the  Appendix .  
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F 
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Fig. 23 Particle Velocity Gating Diagram 

SECTION Vii 
CONCLUSIONS 

In c o n c l u s i o n ,  the  fo l lowing  have  been  d e m o n s t r a t e d  by the  t e s t s  on 
the ALARR p a y l o a d s :  

1. At M a c h  n u m b e r  2 f low cond i t i ons  at  a l t i t u d e s  r a n g i n g  f r o m  
160,000 to 190,000 ft ,  the  s p i k e d  A F I T  p a y l o a d  did not  
o p e r a t e  s a t i s f a c t o r i l y  b e c a u s e  of the  b o u n d a r y - l a y e r  b u i l d -  
up in  the  t h r o a t  of the  s p i k e d  in le t .  

2. At Mach  n u m b e r s  f r o m  2 to 3 and at  a l t i t u d e s  f r o m  160 ,000  
to 235 ,000  ft ,  the  u n s p i k e d  in le t  A F I T  pay load  showed  
m a x i m u m  p r e s s u r e  r e c o v e r y .  

3. At Mach  n u m b e r s  2 and 3, f o r  a l t i t u d e s  f r o m  160,000 to 
235 ,000  ft ,  V a r i a n  C o n f i g u r a t i o n  1 s w a l l o w e d  the  n o r m a l  
shock  in  f r o m  10 to 50 sec .  Above 235 ,000  ft ,  f low b e c o m e s  
so  r a r e f i e d  and v i s c o u s  tha t  the  shock  could  not be s w a l l o w e d .  

4. V a r i a n  C o n f i g u r a t i o n  2, f o r  the  s a m e  a l t i t ude  cond i t i ons ,  did 
not s w a l l o w  the n o r m a l  shock  b e c a u s e  of the  l a r g e  p r e s s u r e  
d rop  p r o d u c e d  by  the f i l t e r  p a p e r  n o r m a l  to  the  f low. 
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. 

. 

At 10-deg ang le  of a t t ack ,  the  p a y l o a d s  did not show a 
s i g n i f i c a n t  l o s s  in  to ta l  p r e s s u r e .  

The m i c r o n - s i z e d  p a r t i c l e s  wh ich  w e r e  g e n e r a t e d  in 
Mach  n u m b e r  3 . 5  low d e n s i t y  f low could  not be a c c e l -  
e r a t e d  to the  f r e e - s t r e a m  g a s  v e l o c i t y  b e c a u s e  of the  
r a r e f a c t i o n  of the  gas .  The  l a s e r  t e c h n i q u e  i n d i c a t e d  
tha t  the  p a r t i c l e  v e l o c i t y  was  about  100 f t / s e c .  
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APPENDIX 
THEORETICAL DETERMINATION OF PARTICLE VELOCITIES IN LOW DENSITY FLOW 

INTRODUCTION 

Drag  is the  m a i n  f o r c e  a c c e l e r a t i n g  ( d e c e l e r a t i n g )  the  p a r t i c l e s  in 
f luid  f low and is  g iven  by the  fo l lowing  equat ion .  

dP 2 (1)  
D = mp~p = CD pg(ug - Up)2rr 8 

Two v a l u e s  fo r  the  coe f f i c i en t  of d r a g  w e r e  u s e d  in th i s  a n a l y s i s .  
F o r  m o l e c u l a r  s p e e d  r a t i o s  g r e a t e r  than  2, the  coe f f i c i en t  of d r a g  was  
a s s u m e d  to be equa l  to 3. F o r  m o l e c u l a r  s p e e d  r a t i o s  l e s s  t han  2, the  
co e f f i c i en t  of d r a g  was  a s s u m e d  to be that  of a s p h e r e  in f r e e - m o l e c u l a r  
f low hav ing  only s p e c u l a r  r e f l e c t i o n  (Ref. 3). 

4 8 4 +  82 - -  1 e -  S2  
CD -- e d ( S )  + 2 (1 + 2 S  2) 

2 S ~ ~"~ S a 

ACCELERATION OF PARTICLES IN MACH NUMBER 3 NOZZLE 

The Mach n u m b e r  3 n o z z l e  u s e d  is  a con ica l  n o z z l e  wi th  a 2 7 - c m -  
d i a m  t h r o a t  and a l e n g t h  of 140 cm.  The  gas  v e l o c i t y  30 c m  ahead  of 
the  n o z z l e  t h r o a t  was  a s s u m e d  to be z e r o .  

dUp 
D =mp ~ (2) 

dt 

Rewriting dup dup dX d(up) --- as . . . .  up (3) 
dt dX dt dX 

and l e t t i n g  

w h e r e  

Eq. (2) b e c o m e s  

~'t 2 D = CDpg=----dpt~ u2 

u = ug - Up 

with  m p  

and 

2 
dup 17" C D dp p~ (Ug Up) a 

Up ~ = 
dX 8 mp 

= pp- -K--  and, f r o m  the  con t inu i ty  equa t ion ,  

p*U* 

pg = ( A / A , ) u  s 

(4) 

p ' u *  = 0 . 5 7 8 p a 0  = 3.23 + 10 ~ P 0  
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for air, Eq. (4) then becomes  

dup 2.43 x I0 "-2 CD - Po 
.sup - (% - UpP (5) 

dX (A/A*) pp dp 

o r  

where  

dup 2.43 × I0 ''a 
usu p ~ = y (u s - .pp" (6)  

dX (A/A*) 

CD P0 
y =  

p p  dp  

Now, the a v e r a g e  gas  ve loc i ty  and a v e r a g e  gas  dens i ty  w e r e  ca lcu-  
l a t ed  along the nozzle axis  fo r  i n t e rva l s  of 10 and 20 cm (Fig. I-1) .  F o r  
d i f fe ren t  Pp and dp, the pa r t i c l e  veloci ty  d i s t r ibu t ion  was  obtained along 
the nozzle  axis  in s t e p - b y - s t e p  ca lcula t ions  us ing Eq. (6). F i g u r e  I-2 
shows the pa r t i c l e  ve loci ty  d i s t r ibu t ion  fo r  d i f fe ren t  7. A cu rve  of 

~ g u / ~ e x i  t v e r s u s  7 is plotted in Fig. 

8 

u 7 

r 

)t 

~ 4-  

I - 3 .  

Ug x 10 - 4  c m / s e c  

pg x 106 gm/cm 3 

-40 -20 0 20 40 60 80 100 120 140 160 

g. c~c 

Fig. I-! Gas Velocity and Gas Density Distribution along Nozzle Axis 
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20 40 60 80  100 120 1 

X,  t'Vl 

Fig.  I-2 Part ic le  V e l o c i ~ ' D i s t r i b u t i o n  for Different y 

--.... 
~ D 

, A A1C13 

0 NH4C1 

10 - 2  10 - 1  1 10 

CD PO 

ppd 

Fig .  I-3 Ex i t  V e l o c i t y  Rat io  versus y 

T = 0 . 7 5  

~/ - 75 

10 2 
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P a r t i c l e  v e l o c i t i e s  ob ta ined  e x p e r i m e n t a l l y  at the  n o z z l e  ex i t  a r e  
a l so  p lo t t ed  in Fig .  I -3 .  The  d e v i a t i o n  b e t w e e n  t h e o r y  and e x p e r i m e n t  
m i g h t  be e x p l a i n e d  by the  fac t  that  t h e r e  was  no way of m e a s u r i n g  the  
p a r t i c l e  d e n s i t y ,  and the  va lue  u s e d  was the  r o o m  t e m p e r a t u r e  bulk 
d e n s i t y .  

C a l c u l a t i o n s  w e r e  a l so  m a d e  a s s u m i n g  the  gas  v e l o c i t y  to be z e r o  
at 80, 40, and 10 c m  ahead  of the n o z z l e  t h r o a t  (Fig.  I -4) .  The  r e s u l t s  
show no a p p r e c i a b l e  change  in the  p a r t i c l e  v e l o c i t y  at the n o z z l e  exi t .  

u x 10 -4 , cm.'se~ 

T 6 ug  

Up, "y = 0 . 7 5  

-80  

- " i I I I I I I 

- 6 0  - 4 0  - 2 0  0 20 40 60 t~0 100 120 

X. cm 

Fig. I-4 Part icle Velocity Distribution for Different Contraction Section Lengths 

I 

140 

Now, for free-molecular flow drag, let 
S2 

CD = 4S4 + 4S2 e r r  (S) + (1 + 2S 2) 
. . 2 S  4 

where 

and 

For 

and 

S 2 
- -  - -  $2, $4  ~6 

e 2 = I ~- 
2 8 48 

e r f  (S) - 
2 S S 2 S 4 

(1 - --~- + To " " ") 

S 2  
S 2 

S < <  I , e  2 = 1 
2 

e , ' f  ( S )  = 2s 

(7) 
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Substitution into Eq. 

Using Eq. (4) 

and 

(7) yie lds  

d(":, z) 3 (" D P~ uz 

dXp 2 pp dp 

pgu = = Kpm = = 2pS = 

where u 2 = 

the final equation is 

d(up =) 3p 

d Xp pp dp~- 

For S > 1, C D was obtained from Fig. 
of CD versus S. 

(Ug - Up) = 

I I  
(3 S = + -- S) 

2 

11 (Ref. 3). 

(8) 

(9) 

Figure  1-5 is  a plot 

a 

O 
0 
rJ 

I000 

I00 

10 

0 . 1  

0 . 0 1  

Eq. (8)  

0 . 1  I 

Molecular Speed R a t l o ,  S 

10 

Fig. I-5 Free-Molecular Flow C D for a Sphere (Specular Reflection Only) 
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Fig. 

The free-molecular flow particle velocity distribution is plotted in 
I-6, and the result is similar to that obtained when C D = 3. 

7 

Ug 

[ d = l  ~ 
0 FM Flow 1 . . . .  

C V a r i e s  ~0 " u.o ram _rig 
D ~pp = 2 gm/cm ~ 

ICD ffi 3.0 

d l t -  
" Q 7 ffi 0.75 ! "~ P0 ffi 0.5 mm Hg 

i pp 2 gm/sec  

x 

-40 

[ I [ [ [ I [ 
-20 0 20 40 60 80 I00 120 

X~ cm 

Fig. 1-6 Particle Velocity Distribution for Varying C D and C D = Constant 

I 
140 

DECELERATION OF PARTICLES IN A TUBE FILLED WITH AIR 

T h e  d e c e l e r a t i o n  of p a r t i c l e s  w i t h i n  t h e  c o l l e c t i o n  p r o b e  i s  c o n s i d e r e d .  
F o r  s i m p l i f i c a t i o n ,  t h e  p r o b e  is  t a k e n  to  be  a t u b e  f i l l e d  w i t h  s t i l l  a i r .  It  
i s  a s s u m e d  t h a t  t h e  p a r t i c l e s  a r e  no t  d e c e l e r a t e d  t h r o u g h  t h e  s h o c k  i t s e l f .  

Up > ]  ug = 0 

~7 

Now substituting m p =  pp ~- 

F o r  CD = c o n s t a n t  

d (Up) 

dXp 

~ u p  = 

> X p  

d~ and ~p = Up 

3 C D pg Up 

4 pp dp 

d(up) 
dXp 

3 CO pg 

4 pp dp 
Xp + C~ 

into Eq. (i) gives 
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at X = 0, Up 

yie ld ing  

= u i 

3 
Up 4 

ui 
Since S <  1, or  M <  1.2 is sa t i s f ied ,  

and Eq. (4) may  be wr i t t en  as 
dup 

2Up dXp 

where  

and 

At Xp = O, Up = u i 

CD Pg 
pp dp Xp (10) 

3.2 
f rom Fig. I-5 C D -  S 

and 

Now 

and 

3p S = 3.2 

ppdp S 

S = ~UP p = pg ~ , and K = I.¢ 
a 

dup 4.8 pa 

dXp N/2~ pp dp 

2.87 

pp dp 

u.....~p = 1 - 2.87 psXp a 
ui pp dp u i 

ul  = 1 . 8 3  (Moo = 3 . 0 )  
alocal 

tip pg Xp 
= I - 1 . 5 7  ( 1 1 )  

u i pp dp 

Equat ion  (.10), with C D = 3, and Eq. (11) a re  plotted in Fig.  I-7.  F o r  
Up 

values  of - -  _> 0 .5  t he re  is no s igni f icant  d i f fe rence  between the two curves ,  
ui 

and it is  concluded that  the pa r t i c l e  d e c e l e r a t i o n  f r o m  drag  within  the 
sampl ing  probe is insuf f ic ien t  to p reven t  the p a r t i c l e s  which en t e r  the probe  
f r o m  t r a v e r s i n g  the length  of the probe and r each ing  the co l l ec t ion  s u r -  

Up 
faces .  That  is,  fo r  - -_> 0 .5 ,  the capture  p e r f o r m a n c e  of the sampl ing  

ui 
probe is unaffected by drag within the probe.  

F r o m  Eq. (11), when U__p_p_> 0.5 ,  1.57 pg Xp < 0 .5 .  Noting that  Eq. (11) 
ui pp dp 

is conse rva t i ve  in that  it a s s u m e s  that  Ug within the probe  is ze ro  when 
a c t u a l l y u g > 0 ,  and a s s u m i n g d p  = 10 -4 cm, p = 2 g / c m  3, a n d X p  = 50 
cm, the inequa l i ty , ind ica t e s  pg _< 1.2 x 10 -6 g~cm 3. Fo r  f r e e - s t r e a m  

P0 - 2 .79 x 10 -7 g / c m  3 c o r r e s p o n d i n g  to approx i -  condi t ions ,  p= - 4 .31 

ma te ly  60-km al t i tude.  Hence, fo r  a l t i tudes  g r e a t e r  than 60 km (197,000 ft), 
the probe co l lec t ion  l o s s  of inges ted  p a r t i c l e s  will  be negl ig ib le .  
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(°) 
I part 

l .0 

U. 8 

0.6 

0.4 

0.2 

0 

0 

~~ FM Flow 

0.2 0.4  

@part/ 

\ 
0 . 6  0 . 8  

Fig. I-7 Particle Deceleration in a Tube Fil led with Air 

FIRST APPROXIMATION OF PARTICLE LOSS BETWEEN BOW SHOCK AND INTAKE 

The  l o s s  of p a r t i c l e s  c a u s e d  by f low s p i l l a g e  at the  p r o b e  in l e t  
( shock de t ached )  is  c o n s i d e r e d .  The  a e r o d y n a m i c  e f f i c i e n c y  is  

~ a e r o  = , and the  p a r t i c l e  e f f i c i e n c y  ~p is  a lways  _> ~aero-  Tak ing  

the  m o s t  s e v e r e  c a s e ,  l e t  Waero < 0. 

Flow 

The m a x i m u m  r e s i d e n c e  t i m e  of a p a r t i c l e  b e t w e e n  the  shock  and 

the in l e t  6 is A t m a  x < u226 + D w h e r e  u9 /2  is  the  t i m e  it t a k e s  fo r  the  U~ 
p a r t i c l e  to  l i n e a r l y  d e c e l e r a t e  f r o m  u 2 to u = 0 in the  X - d i r e c t i o n ,  and 
D/2  
u~/2  is  the  t i m e  it t a k e s  f o r  the  l i n e a r  a c c e l e r a t i o n  of the  p a r t i c l e  in 

. t .  the Y - d i r e c t i o n  ( f rom u = 0 to u~), a s s u m i n g  s o n i c  v e l o c i t y  at the  
c o r n e r .  
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T h e  m i n i m u m  r e s i d e n c e  t i m e  of  a p a r t i c l e  in  t h e  s h o c k  l a y e r  i s  
6 

- w h e n  t h e  p a r t i c l e  i s  n o t  d e c e l e r a t e d  a t  a l l  in  X - d i r e c t i o n .  A t m i n  u,,  

F o r  M = 3 a n d  6 /D  = 0 . 4 ,  

(At,,, ax) 
- 1 2 . 3  

(~tmin) 

A s s u m i n g  f r e e - m o l e c u l a r  f l o w  a n d  s i n c e  S < 1 b e h i n d  t h e  n o r m a l  
s h o c k ,  t h e  d r a g  f o r c e  (Eq .  (1)) b e c o m e s  

w h e r e  

tr dSp,~p n' $2 3.2 
D= PP6 = 4  @P P S 

u 2  S = 0 . 8 3 7 - - a n d  P --- !)~) 
a 2 

giving P b d2p 
D = 2 . 1 0 ~ u 2  

a 2 

The maximum force acting in the Y-direction is 
.. P~ ~:, 

mY= Dmax = 2 . 1 0 - - u *  
0 2 

A s s u m i n g  t h a t  t h e  f o r c e  D m a x / 2  w o r k s  on  t h e  p a r t i c l e  f o r  a p e r i o d  of  
5(ZXt)mi n (a c o n s e r v a t i v e  e s t i m a t e )  y i e l d s  

= - -  ~ or Ymax = 25.2 (12) Ymax 2 m a2 Pl, dp 

Y m a x  
W h e n  rTp > 0.95,----D---- w i l l  be  < 0. 0125 ,  a n d  l e s s  t h a n  5 p e r c e n t  of  

t h e  p a r t i c l e s  w i l l  be  l o s t  t o  t h e  p r o b e  f r o m  s p i l l a g e  b e t w e e n  t h e  b o w  s h o c k  
a n d  t h e  s a m p l i n g  p r o b e  i n l e t .  H e n c e ,  

o r  

Ymax 25.2 u~ P0 H ~" l . . . .  - 0.0125 
D a2 pp dp ~up/ D 

2 

P6 _<. 25.2 \ u* / \ ~  / pp dp D 
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L e t t i n g  

D = 

and .*~ 
$12 

15 era, ~ = 0.41) = 6 c m ,  u~o = 9 .0  × ] 0 '  cm., 'sec,  d p  = 10-" cm, pp = 2 g /cm a 

• P6 < 3.35 × 102 dyne. .''cruz 

P® is t hen  <_ 0. 0209 m m  Hg, c o r r e s p o n d i n g  to  an a l t i t ude  of 74 k m .  H e n c e ,  
f o r  a l t i t u d e s  in e x c e s s  of a p p r o x i m a t e l y  74 k m  {243,000 ft), the  p a r t i c l e s  
l o s t  to the  p r o b e  f r o m  s p i l l a g e  b e t w e e n  the  bow shock  and the  s a m p l i n g  
p r o b e  in l e t  wi l l  be n e g l i g i b l e .  

3 6  



UNCLASSIFIED 
Secunt~ C l a s s i f i c a t i o n  

DOCUMENT CONTROL DATA . R & D 
(Securwty c less f f l ca tJon o f  t i t le ,  body of  e b s t r a ( ' t  e n d  m d e x m g  annotatJon must  be entered when the overal l  report Is c i ass l l l ed~  

|2a.  R E P O R T  S E C U R I T Y  C L , A S S I F I C A T I O N  I O R I G I N A T I N G  A C T I V I T Y  ( C o r p o r a t e  author) 

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  [ UNCLASSIFIED 
ARO, I n c .  , O p e r a t i n g  C o n t r a c t o r  J2b. ~RO~P 
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e  N/A 

3l R E P O R T  T I T L E  

INVESTIGATION OF TWO TYPES OF ALARR HIGH ALTITUDE AIR SAMPLING PROBES 
IN SUPERSONIC LOW DENSITY AIRSTREAMS (PROJECT VELA-SURFACE) 

4 C ) E S C R I P T I V E  N O T E S  (Type o f t . po r t  and Jnclusive dates.) 
O c t o b e r  19,  1966 t o  O c t o b e r  25 ,  1 9 6 7 -  F i n a l  R e p o r t  

S. A U  T H O R ( S )  ( F i r s t  name, m idd le  I n i t i a l ,  Jasl name) 

D. W. Hill, C. E. Pinion, and D. K. Smith, ARO, Inc. 

6 R E P O R T  D A T E  

A p r i l  1969 

aa. CO.,RACT OR ORA,T ,0. F 4 0 6 0 0 - 6 9 - C - 0 0 0 1  

b. ~RO~ECT.O 9 0 8 7  

c. System 921A 

7a. T O T A L .  NO.  O F  P A G E S  17b. NO O F  R E F S  

43 I 3 
9a. O R I G I N A T O R ' S  R E P O R T  N U M e E R ( S )  

AEDC-TR-69-4  

9h. O T H I ~ R  R E P O R T  N O ( S )  (Any  other  n u m b e r s  that may be essle)ned 
th is  report.) 

N/A 

e a c h  t [ a n s m i t b ~ l  t o / 6 o r e i g n  g o ~ o r e i g n  n a t i o n a l ~ ' ~ e  made 
F o r c e ~ r a c t i c a l  A i r  Command (TD-6D) ,  o n l y  ~ i t h  p r i o r ~ r o v a l  o f  A i r  

Ii A 

Available in DDC. 

| 2 .  S P O N S O R I N G  M I L , I T A R V  A C T I V I T Y  

A i r  F o r c e  T a c t i c a l  A i r  
Command (TD-6D),  
A l e x a n d r i a ,  V i r g i n i a  22310  

13 A B S T R A C T  

E x p e r i m e n t a l  i n v e s t i g a t i o n s  w e r e  made t o  d e t e r m i n e  a e r o d y n a m i c  
p e r f o r m a n c e  o f  h i g h  a l t i t u d e  a i r  s a m p l i n g  p r o b e s .  T h r e e  f l o w t h r o u g h -  
t y p e  p r o b e s  and  a p r o b e  w i t h  a l i q u i d - n i t r o g e n - c o o l e d  c h a r c o a l  pump 
w e r e  t e s t e d  a t  p r e s s u r e  a l t i t u d e s  f r o m  1 6 0 , 0 0 0  t o  2 6 0 , 0 0 0  f t  i n  a i r f l o w s  
r a n g i n g  f r o m  Mach number  1 . 8  t o  3 . 5 .  The i n v e s t i g a t i o n s  i n d i c a t e  t h a t  
t h e  b o u n d a r y  l a y e r  b e g i n s  t o  m e r g e  i n  t h e  f l o w t h r o u g ~ - t y p e  s u p e r s o n i c  
d i f f u s e r s  b e l o w  a R e y n o l d s  number  p e r  f o o t  o f  2 x 10 ~. The c h a r c o a l  
pump p r o b e  i n d i c a t e d  t h a t  t h e r e  i s  a 0 . 2 -  t o  5 . 0 - s c f  t r a n s i t i o n  i n  pump- 
i n g  b e t w e e n  R e y n o l d s  n u m b e r s  p e r  f o o t  o f  1 . 5  x 102 and  1 . 4  x 104 . 
F u r t h e r  i n v e s t i g a t i o n s  w e r e  made t o  d e t e r m i n e  t h e  v e l o c i t y  a t t a i n e d  by 
m i c r o n - s i z e d  p a r t i c l e s  w h i c h  w e r e  g e n e r a t e d  i n  Mach number  3 . 5  low 
d e n s i t y  a i r s t r e a m s .  The r e s u l t s  i n d i c a t e  t h e  g a s  d e n s i t y  was t o o  r a r e -  
l i e d  t o  a c c e l e r a t e  t h e  p a r t i c l e s  t o  t h e  f r e e - s t r e a m  v e l o c i t y .  

This document is su~special e ~ o l s  and each 
t r a n s m i ~ o r e i g ~ ~ o r  f gz~ign national~ may be made 
only~fth prior ~ p p r o ~ - ~  Air Co~d ( T ~ ~ ~  

~ n d r i a ,  V i r g ~ / ~ 2 3 1 0 .  

' ~. -' ad 1or puollc release 
1his document .has oeen ai.,P, ov ~ _ -..- ^ . ~  ~ "~- {  '1 t 

- - ' .  its distribution is uniim ~.ted" I ~ 'J~ I. ,~,'-" , , ~  ~..., ,31... 
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