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ABSTRACT' 

Response c h a r a c t e r i s t i c s  o f  the impact probe I n  the  t r a n s 1  t lonal  

regime between f ree-molecule and continuum f l ows  have been i n v t s t l g a t c d  

bo th  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y .  Exper imental  da ta  i s  p resen ted  

f o r  Knudsen numbers, based on probe diameter,  rang ing  between 0.05 and 

10 and w i t h  nominal Mach numbers o f  1, 3, 6 and 10. The c o n f i g u r a t i o n s  

t e s t e d  were chosen w i t h  the v iew toward separat  ng  i n t e r n a l  and e x t e r n a l  

probe geometr ic  e f f e c t s  I n  t h e  t r a n s i t l o n a l  r e g  me. Measurements were 

made w i t h  the probes h e l d  a t  the f ree-st ream t o t a l  temperature and a t  

41% o f  t o t a l  temperature. 

The t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  probe response were based on a 

f i r s t  c o l l i s i o n  m o d i f i c a t i o n  o f  the f ree-molecule model. Both i n t e r n a l  

and e x t e r n a l  e f f e c t s  a r e  c a l c u l a t e d  and good agreement i s  shown w i t h  the  

exper iments.  The f ree -mo lecu le  theory i s  a l s o  extended t o  the  more com- 

p l i c a t e d  l n t e r r l a l  probe geometries which were employed i n  t h e  experiments. 

A p p l i c a t i o n  o f  these i n v e s t i g a t i o n s  t o  f l i g h t  measurements i s  o u t l i n e d .  
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I . I NTROWCTI ON 

b 

c 

The impact p ressu re  probe has l o n g  been employed as a p r imary  I n s t r u -  

ment f o r  t he  measurement o f  f r e e  stream c o n d i t i o n s  b o t h  i n  f l i g h t  and I n  

t h e  wind tunnel  l a b o r a t o r y .  I t s  aerodynamlc response r e l a t i v e  to  the  f r e e  

stream i s  r e l a t i v e l y  i n s e n s i t i v e  t o  geometr ic  c o n f l g u r a t i o n  and ang le  o f  

a t t a c k  and can be r e a d i l y  p r e d i c t e d  f rom I n v i s c i d  gas dynamics theory.  

Response i n  the f r e e  mo lecu le  f l o w  regime, w h i l e  s e n s i t l v e  t o  probe geo- 

metry ,  temperature,  Mach number and a n g l e  o f  a t t a c k ,  i s  s t i l l  i n  p r l n c i p l j  

amenable t o  a n a l y s i s .  I n  f a c t ,  exper imenta l  c o n t a c t  w i t h  the f ree-molecu 

regime i s  so i n a c c e s s i b l e  t h a t  aerodynamic c h a r a c t e r i s t l c s  I n  t h i s  regime 

a r e  f o r  t he  most p a r t  o n l y  known through a n a l y s i s .  

I n  c o n t r a s t ,  the t r a n s i t i o n a l  f l o w  regimes b r l d g l n g  the continuum 

and f ree-molecule regimes a r e  not  a c c e s s i b l e  by r i g o r o u s  a n a l y t i c a l  tech- 

n iques,  s i n c e  they  u l t i m a t e l y  requ i re  s o l u t i o n s  t o  the  Maxwell-Boltzman 

e 

equa t lons  which t r e a t  non-equl l i b r i u m  d i s t r i b u t i o n s  o f  mo lecu la r  v e l o c l  t l e s .  

A t  the p resen t  t ime, no genera l  s o l u t i o n  t o  these equat ions has been found 

which can be a p p l i e d  to  t h e  tmpact probe. There are,  however, approximate 

t h e o r i e s  based on s i m p l i f i e d  models o f  mo lecu la r  mechanics whlch can be 

a p p l i e d  t o  the impact probe problem. These combined w l  t h  a p p r o p r l a t e  

exper imen ta l  t e s t s  promise t o  prov ide the  b a s i s  f o r  ex tend ing  the  u s e f u l -  

ness o f  the Impact probe i n t o  the t r a n s i t i o n a l  regime. 

The work d e s c r i b e d  I n  t h i s  r e p o r t  was i n i t i a t e d  i n  J u l y  1965, by the 

Na t iona  1 Aeronau t i cs  and Space A d m i n i s t r a t i o n ,  Marshal 1 Space F l i g h t  Center 

( C o n t r a c t  number NAS 8-1 1046) t o  i n v e s t i g a t e  e x p e r i m e n t a l l y  and t h e o r e t f -  

c a l l y  t h e  response c h a r a c t e r l s t l c s  o f  impact pressure probes I n  f l o w s  w i t h  



t r a n s i t i o n a l  Knudsen numbers. 

t he  v iew t o  a p p l y i n g  the impact probe to  t h e  c a i i b r a t l o n  o f  l o w  d e n s l t y  

supersonic  wind tunnel  nozz les and t o  the  measurement o f  a tmospher ic  para- 

meters from high speed f l i g h t  v e h i c l e s .  

These I n v e s t i g a t i o n s  were t o  be made w l t h  

I I . EXPERIMENTS 

A .  P re l im ina ry  Considerat lons 

The response of  the  impact probe I n  f ree-molecule f l o w  i s  determined 

by the conservat ion o f  mass f l u x  between f r e e  stream molecules which e n t e r  

the probe aper tu re  and the d e p a r t i n g  molecules which a r e  i n  thermal equi  1 1 -  

b r i um w i t h  the probe c a v i t y .  The f ree -mo lecu le  model excludes considera-  

t i o n  o f  c o l l i s i o n s  among the probe molecules o r  between probe and f r e e  

s t ream molecules. A l l  c o l  i s i o n s  o f  s i g n i f i c a n c e  a r e  between the  probe 

w a l l s  and the probe molecu es o r  the f r e e  stream molecules.  

I n  cons ide r ing  the I n  t i a l  stages o f  t r a n s i t i o n  f rom the  free-mole- 

c u l e  t o  continuum response l e v e l s  i t  i s  o f t e n  u s e f u l  t o  employ a l l f l r s t  

c o l l i s i o n "  m o d i f l c a t i o n  t o  the f ree-molecule model I n  which most o f  t h e  

b a s i c  f e a t u r e s  o f  f r e e  molecule f l o w  a r e  r e t a i n e d ,  1 .e., t he  j u x t a p o s l  t i on  

o f  two c lasses of molecules, f r e e  stream and probe, each w l t h  Maxwe l i l an  

d i s t r i b u t i o n s  and the conservat ton o f  mass between f r e e  s t ream molecules 

e n t e r i n g  and probe molecules l e a v l n g  t h e  probe. 

does, however, cons ide r  the  e f f e c t s  o f  s i n g l e  c o l l i s i o n s  between f r e e  

s t ream and probe molecules.  

The f i r s t  c o i l i s t o n  model 

2 

. 
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I 

These I n t e r m o l e c u l a r  c o l l l s l o n s  can occur  b o t h  l n s l d e  and o u t s l d e  of 

the probe. 

cu les  away f r o m  the p a t h  o f  the  probe a p e r t u r e  by c o l l l s l o n s  w l t h  probe 

molecules e m i t t e d  e i t h e r  f rom the s o l l d  f r o n t  f a c e  or from t h e  aper ture.  

This  e f f e c t ,  taken alone, reduces the f l u x  o f  f r e e  stream molecules In to  

the  a p e r t u r e  and thus reduces the probe cav l  t y  p ressu re  r e l a t l v e  to the 

i d e a l i z e d  f r e e  molecule l e v e l .  Two competing i n t e r n a l  e f f e c t s  can be 

v i s u a l i z e d  which f o s t e r  a d d i t i o n a l  e f f e c t s .  F i r s t ,  i n  a manner analogous 

t o  f r o n t  f ace  s c a t t e r l n g ,  molecules which would leave the  probe a r e  

s c a t t e r e d  near the th resho ld  o f  t h e  a p e r t u r e  by c o l l i s i o n s  w l t h  e n t e r l n g  

f r e e  s t ream molecules.  Secondly, c o l l i s i o n s  between f r e e  stream and 

probe molecules reduce the number o f  f r e e  stream molecules t h a t  p e n e t r a t e  

t o  a g i v e n  s t a t i o n  i n s i d e  o f  the probe. I n  e f f e c t ,  t h e  probe molecules 

o f f e r  another mode o f  w a l l  c o n t a c t  fo r  the f r e e  stream molecules so t h a t  

i n t e r m o l e c u l a r  c o l l i s i o n s  tend  t o  hasten the r e d u c t i o n  o f  the f r e e  stream 

mo lecu la r  p o p u l a t i o n  w i t h i n  the probe r e l a t l v e  t o  the  d i s t r i b u t i o n  d e t e r -  

mined by wall c o l l i s i o n s  a l o n e  I n  i d e a l i z e d  f ree -mo lecu le  f l o w .  

The e x t e r n a l  e f f e c t s  I n v o l v e  s c a t t e r l n g  o f  f r e e  s t ream mole- 

These i n t e r n a l  e f f e c t s  a r e  o f  no consequence i n  the case o f  t he  

i d e a l  o r i f i c e  probe where the  aper tu re  l eng th  i s  n e g l i g i b l e  and the dlmen- 

s i o n s  o f  the c a v i t y  a r e  large,  r e l a t l v e  t o  the  a p e r t u r e  d iameter .  However, 

f o r  ape r tu res  w i t h  f i n i  t e  length-diameter r a t i o s  the  I n t e r m o l e c u l a r  ~ 0 1 1 1 -  

s l o n s  e f f e c t i v e l y  sho r ten  t h e  a p e r t u r e  length,  o r  from ano the r  v lewpolnt ,  

r, reduce the e f f e c t i v e  speed r a t i o  of t he  f r e e  stream f l ow .  I t  w l l l  be 

shown i n  a l a t e r  s e c t i o n  t h a t  the numerical  t reatments g i v e n  by de Leeuw 

and Rothe (1962) and Pond (1962) In ex tend ing  C laus lng ' s  t h e o r y  of  f r e e -  

mo lecu le  f l o w  through tubes t o  r n e  impact probe, t a n  b: zec!!f!ed trr 

approx imate t h e  t r a n s i t i o n a l  e f f e c t s  o f  i n t e r m o l e c u l a r  c o l l l s l o n s .  

* 

3 



The impact probe exper iments were designed t o  l n v e s t l g a t e  t r a n r f -  

t i o n a l  response c h a r a c t e r i s t i c s  i n  f l o w  regimes where these f l r s t - c o l l l -  

s i o n  e f f e c t s  c o u l d  be expected to  have a p p l i c a t i o n .  Both t h e  o r i f i c e  

type and t h e  s t r a i g h t  bore, i .e.,  ve ry  l a rge  a p e r t u r e  

t i o n s  were used. The f i r s t  enabled a sys temat i c  s tudy o f  v a r i a t i o n s  I n  

C/d c o n f i g u r a -  
.r 

I 

i n t e r n a l  probe geometry, p a r t i c u l a r l y  f o r  smal 1 values o f  a p e r t u r e  It’d. 8 

The s t r a i g h t  bore c o n f i g u r a t i o n s  p rov lded  the l i m i t i n s  o p p o s i t e  extreme 

f o r  i n t e r n a l  geometry r e l a t i v e  t o  the  o r i f i c e  probes and a l s o  represented 

the c o n f i g u r a t i o n  most f r e q u e n t l y  used by o t h e r  i n v e s t i g a t o r s .  The 

exper iments are desc r ibed  and r e s u l t s  d iscussed r e l a t i v e  t o  the r e s u l t s  

o f  f i r s t - c o l l i s i o n  analyses f o r  i n t e r n a l  and e x t e r n a l  e f f e c t s .  The 

e s s e n t i a l  f ea tu res  o f  these analyses a r e  o u t l i n e d  i n  Sect ion I l l .  

B. D e s c r i p t i o n  o f  Labora to ry  Fac i  li t i e s  

The experiments w e r e  d i v i d e d  between the LOW Dens i t y  Wind Tunnel a t  

the U n i v e r s i t y  o f  Southern C a l i f o r n i a  Eng ineer ing  Center and the  Hyper- 

A l t i t u d e  S imu la t i on  Faci  l i t y  o f  the Naval M i s s i  l e  Center, P o i n t  Mugu, 

C a l i f o r n i a .  So f a r  as low d e n s i t y  wind tunnel  o p e r a t i o n s  a r e  concerned, 

bo th  f a c i l i t i e s  a r e  e s s e n t i a l l y  i d e n t l c a l .  They c o n s i s t  o f  l a r g e  c y l l n -  

d r i c a l  tanks (IO f e e t  x 20 f e e t )  which a r e  cryopumped u s i n g  300 w a t t  

gaseous hel ium r e f r l g e r a t o r s .  These r e f r i g e r a t o r s  i n  combinat ion w i t h  

the condensers were capable o f  c o n t i n u o u s l y  pumping a t  r a t e s  o f  0.7 

gm/sec o f  n i t r o g e n  w i t h  i n t e r m i t t e n t  runs as  l ong  as a m inu te  f o r  r a t e s  

as h i g h  as 2 gm/sec. Both tanks a r e  f l t t e d  w i t h  l a r g e  va l ves  which Iso- 

l a t e  the  condenser f rom the main chamber i n  o r d e r  to p e r m l t  vacuum breaks 



1 

t 

. 
without the n e c e s s i t y  of  warming up t h e  condenser. 

se rve  as t h r o t t l e s  t o  f a c t  l l t a t e  the match ing o f  chamber p ressu re  w l t h  

nozz le  ex1 t p ressu re  f o r  s p e c i f i c  s tagna t ion  condl t l o n s  and n o z z l e  con- 

These valves also 

f I g u r a t i o n s .  

Tests were made i n  f l ows  from f i v e  d l f f e r e n t  nozz les w l t h  nominal  

Mach numbers o f  1, 3, 6, 9 and 10. T h e i r  genera l  c o n f i g u r a t i o n s  a r e  

shown i n  F i g u r e  1. The Mach 1 nozz le 1s the Mach 3 n o z z l e  w i t h  c o n i c a l  

s k i r t  downstream o f  the t h r o a t  removed. 

i n  the  U S C E C  f a c l i i t y  and the  Mach 10 nozz le  o n l y  i n  the P o i n t  Mugu f a c l l -  

i t y ;  t he  o t h e r s ,  Mach numbers I ,  3 and 6, were used i n  bo th  f a c t  l l t i e s .  

W i t h  the e x c e p t i o n  o f  t h e  Mach 9, the w a l l s  o f  a l l  nozz les were c o o l e d  

w i t h  l l q u l d  n i t r o g e n .  The t e s t  gas fo r  a l l  runs was n i t r o g e n  a t  300 K. 

Table 1 g ives  p e r t i n e n t  dimensions and p r o p e r t i e s  of the nozz les a t  v a r i o u s  

The Mach 9. nozz le  was used only 

0 

stagnation c o n d i t i o n s .  The methods used f o r  c a l l b r a t i o n  a r e  desc r ibed  I n  

Sec t ion  I l - E  where data r e d u c t i o n  and c o r r e l a t i o n  procedures f o r  t h e  impact 

probes a r e  discussed.  

C. D e s c r i p t i o n  o f  Probes 

The geometry o f  t h e  b a s i c  or 

t r a t e d  I n  F i g u r e  2. The a p e r t u r e  

d iamete r  equal  t o  0 . 2  o f  the ou ts  

o f  the a p e r t u r e  d iameter .  

and had a l e n g t h  o f  10 D. Th 

r a n g i n g  i n  c.iiGixetei frsz 8 . S  

c a l i b r a t e  t h e  nozz les  and, a t  

f i c e  probe Ser ies A designs I s  l l l u s -  

was cen te red  i n  a t h i n  f l a t  f a c e  w i t h  

de d iameter  and l e n g t h  equal  to 0.25 

The c a v i t y  behind the  a p e r t u r e  was 0.8 D 

s geometry was a p p l i e d  t o  a s e t  o f  5 probes 

? n r h e s  t o  1.0 inches. These were used to 

the same t ime t o  e s t a b l i s h  the response 

5 



c h a r a c t e r l s t l c s  of  the des ign o v e r  a f a c t o r  o f  200 range In  Knudsen 

number. 

V a r i a t i o n s  i n  a p e r t u r e  R / d  were i n v e s t i g a t e d  w i t h  t h e  Ser ies  B 

l / d  c o n f i g u r a t l o n s ,  i n  which a l l  geometr lc  f e a t u r e s  except a p e r t u r e  

were f i x e d  on a s e t  o f  f i v e  0.1 I n c h  diameter probes. A / d  ranged 

between 0.1 and 2.  Another 0.1 d iameter  probe was c o n s t r u c t e d  l d e n t l -  

c a l  t o  the 

45'. 

t / d  = 2 probe except  t h a t  I t s  f r o n t  face was chamfered 

The r e l a t i v e  ou tpu ts  o f  these two probes p rov lded  a measure o f  

e x t e r n a l  f r e e  stream s c a t t e r l n g  e f f e c t s  f r a  the probe face  because of  

t h e i r  i d e n t i c a l  i n t e r n a l  geometry. 

The Ser ies C s t r a l g h t  bore probes had an i n t e r n a l  R / d  o f  about 

40 w l t h  o u t s i d e  dlameters rang ing  f rom 0.032 Inches t o  0.375 inches. 

The Ser les A and B probes vrere t e s t e d  a t  amblent temperature (about 

290°K) and a t  125'K. 

n l t r o g e n  l i n e  t o  the probe base at tachment  f l t t l n g .  

A l l  o f  the Ser ies A and B probes, except  those o f  Ser les A ,  0.5 inches 

and 1.0 lnches I n  diameter,  were made o f  brass.  For these the  thermal 

conduct ion r a t e  f rom base t o  t i p  exceeded the combined r a d i a t i v e  and 

gas conduct lon losses by a f a c t o r  o f  3 o r  4 .  Temperatures were measured 

on the :-inch copper tub ing  j o i n i n g  the probe t o  the at tachment  f i x t u r e .  

The es t ima ted  increment I n  temperature between measurement p o l n t  and 

probe t i p  I s  less than 5 K. The Ser ies  C probes were made o f  s t a i n l e s s  

s t e e l  and t h e i r  thermal conduc t ion  p r o p e r t i e s  were so poor t h a t  no 

c o o l i n g  runs were attempted. 

Cool ing was accompl ished by a t t a c h i n g  a l i q u i d  

(See F i g u r e  3). 

0 
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D. D e s c r i p t i o n  o f  Apparatus and I n s t r u m e n t a t i o n  

* 
I 

I' 

c 

A movable probe c a r r i a g e  p e r m l t t e d  the  consecu t i ve  t e s t i n g  of f i v e  

c o n f i g u r a t i o n s  per  run. Each group o f  f i v e  were connected t o  a common 

m a n i f o l d  through s o l e n o i d  operated i s o l a t i o n  va l ves .  M a n i f o l d  p ressu re  

was measured w l  t h  a movable diaphragm d i f f e r e n t  a l  p ressu re  t ransducer  

w i t h  a v a r i a b l e  capaci tance sensor. The nomina range o f  t h i s  i n s t r u -  

ment was 0-600 microns Hg. I t  was c a l i b r a t e d  w t h  a dev i ce  which in t ro-  

duces Incremental  measured q u a n t i t i e s  o f  gas I n t o  a known t e s t  volume. 

The minimum incremental  pressure s tep used i n  the  c a l i b r a t i o n  was 

I ?  0.1 microns. 

read ing  i n  the range 10-500 Hg. The re fe rence  s i d e  o f  t he  t ransducer  

was vented t o  the t e s t  chamber. Chamber pressure was r,yeasured w i t h  a 

McLeod gauge i n  the U S C E C  f a c i  li t y  and w l  t h  a thermocoup1,X p ressu re  

t ransducer  i n  the P o i n t  Mugu f a c l l i t y .  Both i ns t rumen ts  wera capable 

o f  r e s o l v i n g  0 . 2 ~  i n  the  range 0 . 5 ~  t o  2 0 p  . Reservoi r  s t a g n a t i o n  

pressures were measured w i  t h  the same t ransducer  as t h e  impact probes 

a t  Mach numbers 1 and 3 w i t h  a v a r i a b l e  i n c l i n a t i o n  u n i t y  o i l  manometer 

a t  the h l g h e r  Mach numbers. Accuracy o f  the l a t t e r  i ns t rumen t  was 

w i t h i n  1% o f  reading. 

The t ransducer  produced a l i n e a r  o u t p u t  w i t h l n  I $  o f  

I n  a t y p i c a l  sequence o f  t e s t i n g ,  a g i ven  f l o w  c o n d i t l o n  was 

e s t a b l i s h e d  and each probe c o n f i g u r a t i o n  was p o s i t i o n e d  i n  t u r n  a t  the 

n o z z l e  c e n t e r l i n e  and va l ved  I n t o  the pressure t ransducer .  T y p i c a l  

response t imes f o r  the measurement v a r i e d  from a few seconds t o  t h r e e  

minutes,  depending on p ressu re  l e v e l  and probe geometry. 

7 



E. Data Reduct lon and Corrclatlon 

Measured Impact pressures were norma 1 1  zed w l  t h  t h e  1 deal  l z e d  Ray le l  gh 

impact pressure d e r l v e d  from nozz le  c a l l b r a t l o n s .  Slnce the v a r l a t l o n  I n  

nozz le  boundary l a y e r  th lckness ,  Mach number, Ray le lgh  pressure,  etc., 

whlch accompany t h e  v a r i a t l o n  I n  r e s e r v o i r  p ressure  a r e  l a r g e  I n  low den- 

s i t y  nozzles,  the nozz le  c a l i b r a t l o n  Invo lves  the s lmul taneous c a l l b r a t l o n  

of bo th  the nozz le and t h e  probe c o n f i g u r a t l o n  used i n  t h e  c a l l b r a t l o n .  

I t  was assumed I n  the present  c a l l b r a t l o n  procedure t h a t  t h e  t r a n s l t l o n a l  

response p r o p e r t l e s  of t h e  g e o m e t r i c a l l y  s l m i l a r  probes o f  Ser les  A ,  

charac te r l zed  by the r a t i o  o f  measured pressure  to  Ray le lgh  pressure  versus 

Knudsen numbers a r e  n o t  a l t e r e d  f o r  the l i m i t e d  range o f  Mach numbers pro-  

duced by a s 

assoc la ted  w 

nozz le  a r e  s 

from a l l  Ser 

ng le  nozz le.  With t h i s  assumptlon t h e  Ray le lgh  impact pressures 

t h  the va r ious  r e s e r v o i r  s t a g n a t i o n  pressures d r l v i n g  the  

mply those which f o r c e  the  c o r r e l a t i o n  o f  the measurements 

es A probes and a t  a l  1 r ese rvo l  r pressures.  The da ta  were 1 

1 

f i r s t  normal ized w i t h  r e s e r v o l r  p ressure  and p l o t t e d  a t  cons tan t  r e s e r v o l r  

pressure versus a p r o v i s i o n a l  Knudsen number based on t r l a l  es t ima tes  of 

Mach number and Reynolds number. Wl th  t h i s  p l o t ,  de te rm lna t ions  o f  Ray le lgh  

r e s e r v o i r  pressure r a t i o s  Po/Pol 

cons tan t  reservo l  r p ressure  da ta  on a s l n g l e  cha rac te r1  s t i c  probe response 

curve of Pm/Pol versus Knudsen number. The f l n a l  Knudsen numbers were 

based on t h e  Mach numbers and Reynolds numbers cor respond lng  to  t h e  de- 

rived values o f  

F lgures  4b, 4c and 4d  for  the  f l n a l  c a l l b r a t i o n  r e s u l t s  of t h e  Mach number 

3 ,  6 and IO nozzles. I n  the case Of t h e  s o n i c  n o z z l e  the  chamber p ressure  

were made wh lch  c o r r e l a t e d  a l l  of  t h e  

Pol/Po. The success of t h e  method Is I l l u s t r a t e d  I n  

L 
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. 
was a d j u s t e d  to the  son ic  e x l t  pressure correspondfng to the varlour 

r e s e r v o i r  pressure s e t t i n g s  and the Mach number was taken as unfty. 

F l n e l  va lues o f  Mach numbers and Reynolds numbers were d e r i v e d  froln 

the r a t l o  o f  Rayle i  gh impact pressure and r e s e r v o i r  pressure.  

The 0.9 power law was used f o r  the temperature dependence o f  vls -  

cos1 t y  I n  the Reynolds number determlnat lon.  Reference condi t l o n s  were 

taken a t  2W°K. 

b e t t e r  f l  t to  exper imental  v i s c o s i  t y  measurements f o r  t he  temperature 

ranges considered than does the Suther land approx imat ion.  

This  approx imat lon I s  cjf s imp le r  form and y f e l d s  a 

Thermal t ransp i  r a t l o n  c o r r e c t l o n s  a s s o c i a t e d  w i  t h  the &-inch t u b i n g  

cooled i s o l a t i o n  va lves were Imposed 

ng the techniques o f  Arney and B a i l e y  

connect I n g the 

f o r  the runs w 

( 1962) 

probes t o  the water 

t h  probe c o o l i n g  us 

F. Resu l ts  

1. Ser ies A Probes 

W i  t h  the except ion  o f  the case f o r  Mach number 10, the t rans1  t l o n a l  char- 

a c t e r i s t i c s  shown i n  F igure  4 f o r  the Ser ies  A probes were measured over a l a r g e  

enough Knudsen number range t o  b r i n g  the  response t o  w l th in  a few percent  of  the  

1heurst;cal  f r t e - m ! r c u ! c  value. I n  s p l t e  o f  t h i s ,  the da ta  displays l i t t l e  

9 



tendency o f  f o l l o w i n g  an asympto t i c  approach t o  the  f ree -mo lecu le  l e v e l  

as the  f i r s t  c o l l i s i o n  theo ry  suggests. The theo ry  does, however, p r e d l c t  

r a t h e r  w e l l  t h e  o v e r - a l l  e x t e n t  o f  t he  transition i n t e r v a l  as ev idenced by k 

the s lope  of  the data and theo ry  on t h e  semi- log p l o t .  

A s  might  be expected f rom the r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s ,  n o t a b l y  

P o t t e r  and B a l  l e y  (1963), and Matthews (1958), i t  was found t h a t  f r e e  stream 

Knudsen number i s  n o t  a s u i t a b l e  parameter f o r  c o r r e l a t i o n  o f  t h e  initial 

r i s e  o f  probe response from the cont inuum l e v e l .  

have shown t h a t  the parameter, 

v iscous l a y e r  and merged l a y e r  concepts and have s u c c e s s f u l l y  used i t  t o  

c o r r e l a t e  a l a rge  body o f  exper imen ta l  data i n  these f l o w  regimes. The 

s u b s c r i p t  "2" r e f e r s  t o  c o n d i t i o n s  beh ind  the  i n v i s c i d  normal shock and 

P o t t e r  and B a i l e y  (1963) 
1 

Re2 ( P 2 / P m ) T  , i s  c o n s i s t e n t  w i t h  the  

p2/pa i s  the normal shock d e n s i t y  r a t i o .  The r e c i p r o c a l  o f  t he  parameter 

has been used t o  c o r r e l a t e  the Ser ies  A probe da ta  f o r  a l l  Mach numbers i n  

F i g u r e  5. T h i s  has the e f f e c t  o f  s h l f t l n g  the o r d i n a n t ,  r e l a t i v e  to f r e e  

stream Knudsen number, by f a c t o r s  o f  0.670, 0.275, 0.322 and 0.420, respec- 

t i v e l y ,  f o r  Mach numbers 1 ,  3, 6 and IO. 

The pressure response parameter (Pn- P o ' ) / ( P F -  P o ' ) ,  t h a t  IS, the  

r a t i o  o f  the d i f f e r e n c e  o f  measured and Ray le igh  impact p ressu res  t o  the  

d l f f e r e n c e  o f  f ree-molecule and R a y l e l g h  impact p ressu re ,  i s  used i n  o r d e r  

t o  no rma l i ze  the va r ious  l e v e l s  o f  f ree -mo lecu le  response a t  d i f f e r e n t  

Mach numbers. I t  Is seen t h a t  t he  i n i t i a l  r i s e  r e l a t i v e  to  these parameters 

o f  0.05 t o  0.10. T h i s  1s i n  corresponds t o  values o f  

s u b s t a n t l a l  agreement w i t h  t h e  P o t t e r  and B a i l e y  (1963) r e s u l t  wh ich  shows 

- 1  
ReZ( pz/poo)  

the r i s e  beg inn ing  a t  10-20 r e l a t i v e  t o  ReZ(p  2/poo)  3 . F i g u r e  5 a l s o  

i n d i c a t e s  t h a t  the c o r r e l a t i o n  extends w e l l  beyond t h e  i n i t i a l  r i s e  point  

? 

. 

IO 



. 
p a r t i c u l a r l y  f o r  the lower Mach numbers. With i n c r e a s l n g  Mach numbers, 

depar tu re  f r o m  the  l i n e  of  c o r r e l a t i o n  occurs a t  co r respond fng ly  lower 

va 1 ues o f  

quence of  the i n t e r n a l  geometry o f  the Ser ies A probe and w l  1 1  be d iscussed 

- 1  
ReZ( p 2/poo ) . Th is  f e a t u r e  i s  b e l i e v e d  t o  be a conse- 

V' 
I 

i n  Sec t i on  3 below. 
I 

I R  

2. Aper tu re  e / d  E f f e c t s  

I 

. 

The r e s u l t s  o f  t he  a p e r t u r e  I / d  e f f e c t s  measured w i t h  the Ser ies 6 

probes a r e  summarlzed I n  F igures 6a through 6d. T h e o r e t l c a l  values a r e  

shown bo th  f o r  t h e  f ree-molecule l i m i t  and f o r  t h e  t r a n s i t i o n a l  Knudsen 

numbers which were tes ted .  I n  the  l a t t e r  case, c o l l l s l o n s  between f r e e  

stream and probe molecules a r e  o n l y  accounted f o r  w i t h i n  the l e n g t h  o f  

the a p e r t u r e  and no c o r r e c t i o n  Is made f o r  the e f f e c t s  o f  the  d i s t r l b u -  

t i o n s  o f  c o l l i s i o n s  on the  tube w a l l  and w i t h  molecules a f t  o f  the  aper- 

t u r e .  Rather, the l e v e l s  f o r  these t h e o r e t i c a l  va lues a r e  a r b i t r a r i l y  

s e t  a t  t he  measured va lue  corresponding t o  l / d  = z e r o  

i t a t e  the comparison o f  exper imental  and t h e o r e t i c a l  l / d  e f f e c t s .  The 

t h e o r e t i c a l  f ree-molecule va lues,  however, do account f o r  t he  c o l l i s i o n  

d i s t r l b u t i o n  o f  f r e e  stream molecules w i t h  the  tube w a i l s  and the tube- 

I n  o r d e r  t o  f a c i l -  

a p e r t u r e  j u n c t i o n  e f f e c t s  f o r  molecules l e a v l n g  t h e  tube, as w e l l  as the  

a p e r t u r e  4 / d  

i d e a l i z e d  a p e r t u r e  openlng l n t o  a l a r g e  cav l  ty. 

e f f e c t s  computed by deLeeuw and Rothe (1962) fo r  the 

The most e v i d e n t  f e a t u r e s  d iap layed by these p l o t s  a r e  t h e  p e r s l s -  

tence of  f ree-molecule pressure r i s e  c h a r a c t e r i s t i c s  i n t o  t h e  t r a n s i t i o n a l  

1 1  



regime o f  Knudsen numbers f o r  smal l  values o f  -!/d and the ab rup t  depar- 

t u r e  from t h i s  t r e n d  between l / d  = 1 and J / d  = 2 The l a t t e r  f e a t u r e  

becomes i n c r e a s i n g l y  pronounced w i  th  l n c r e a s l n g  Hach number, 

buted t o  c o l l i s i o n s  between f ree-st ream and probe molecules w l t h i n  t h e  

a p e r t u r e  s e c t i o n  and the f a c t  t h a t  these c o l l l s l o n s  have a l a r g e r  e f f e c t  

a t  h ighe r  Mach numbers because the  e n t e r i n g  mo lecu la r  f l u x  Is more 

d l r e c t e d  and the  p r o b a b i l i t y  o f  f r e e  stream c o l l l s i o n s  w i t h  t he  a p e r t u r e  

w a l l  i s  reduced. I n  e f f e c t ,  t he  c o l l i s i o n s  between f r e e  stream and probe 

molecules w l  t h i n  the a p e r t u r e  tend t o  "cut  o f f "  the a p e r t u r e  l eng th .  

I t  i s  a t t r l -  
v 

t 

An a d d i t i o n a l  i l l u s t r a t i o n  o f  t h l s  e f f e c t  i s  found I n  F i g u r e  7 where 

the response c h a r a c t e r i s t t c s  o f  the s t r a l g h t  bo re  ( S e r i e s  C) probes a r e  

presented 111 the same form used f o r  the Ser ies  A probes i n  F i g u r e  5 .  I t  

i s  seen tha t ,  as be fo re ,  the p o i n t s  o f  i n l t l a l  p ressu re  r i s e  a r e  c o r r e l a t e d  

w i t h  the parameter Re2( p2/p,) . The most n o t a b l e  f e a t u r e  I n  F l g u r e  

7 ,  however, i s  t h e  v a r i a t i o n  w i t h  Mach number o f  the I n t e r v a l  o f  Knudsen 

number r e q u i r e d  t o  complete the t r a n s i t i o n  t o  t h e  f ree -mo lecu le  response 

leve ls .  

- 1  

A t  Mach numbers 1 and 3 i t  appears t h a t  a two o r d e r  o f  magnitude 

change i n  Knudsen number I s  s u f f i c l e n t ,  w h i l e  a t  Mach number 10 a f o u r  

o r d e r  o f  magnitude change may be r e q u l r e d .  T h i s  1 s  due t o  a r e l a t i v e l y  

h i g h e r  p r o b a b l l l t y  f o r  the f r e e  stream molecules t o  p e n e t r a t e  deep i n t o  

the a p e r t u r e  b e f o r e  s t r i k i n g  the w a l l  a t  t he  h i g h e r  Mach numbers. Thus, 

co r respond ing ly  g r e a t e r  r e d u c t i o n s  i n  m o l e c u l a r  d e n s i t y  i n s i d e  o f  the 

probe must be achieved i n  o r d e r  t o  e l l m i n a t e  a l l  b u t  a n e g l l g l b i e  number 

o f  mo lecu la r  c o l l l s i o n s  and b r i n g  about t h e  f r e e - m o l e c u l e  d i s t r i b u t i o n  

o f  c o l l i s i o n s  between f r e e  s t ream molecules and t h e  I n t e r i o r  probe w a i l s  

and b r i n g  about the  f ree -mo lecu le  d i s t r i b u t l o n .  

12 
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The e l i m i n a t i o n  of mo lecu la r  c o l l l s i o n s  I s  f u r t h e r  r e t a r d e d  by t he  

f a c t  t h a t  t h e  h i g h e r  Mach numbers produce l a r g e r  pressure fncremcnts 

r e l a t i v e  t o  the  Rayle igh impact pressure for  probes w l t h  l a r g e  d / d  

aper tures.  

3. E f f e c t s  o f  I n t e r i o r  Geometry 

I t  Is now convenient  t o  make a t  l e a s t  a q u a l i t a t i v e  comment on the 

depar tures o f  t he  Mach numbers 6 and 10 data f rom the Ser ies A probe 

c o r r e l a t i o n  curves i n  F i g u r e  5. I n  f ree-molecule f low,  the tube s e c t i o n s  

a f t  o f  the aper tu res  on the Ser les A and B probes a r e  I n  every sense 

impact tubes w l t h  respec t  t o  the  f r e e  stream molecules whlch have n o t  

s u f f e r e d  c o l l i s i o n s  w i t h  the a p e r t u r e  w a l l s .  Wi th  a procedure analogous 

t o  t h a t  used t o  compute the pressure response of  impact tubes w i t h  f l n i t e  

a p e r t u r e  e / d  , the pressure r i s e  assoc ia ted  w i t h  the d l s t r l b u t i o n  of  

f r e e  stream molecule c o l l i s i o n s  on the  tube w a l l s  can be computed p r o v i d e d  

due account i s  taken o f  the e f f e c t  o f  the a p e r t u r e  on the end when con- 

s i d e r i n g  the f l u x  o f  molecules o u t  o f  the tube. The d i f f e r e n c e s  between 

the response o f  the Ser ies A probes ( w i t h  a p e r t u r e  P / d  = 0.25) and the  

i d e a l i z e d  i n f l n l  t e  c a v i t y  case, w i t h  the same a p e r t u r e  l / d  , i s  o n l y  a 

few pe rcen t  a t  Mach numbers 1 and 3; b u t  i t  r l s e s  t o  13% a t  Mach number 

6 and t o  27% a t  Mach number 10. This  l a r g e r  c o n t r i b u t i o n  from t h e  tube 

s e c t i o n  a t  h i g h e r  Mach numbers I s  a t t r i b u t e d  to the l a r g e r  f r a c t l o n  o f  

f r e e  stream molecules t h a t  get  through the a p e r t u r e  and the  h i g h  proba- 

b i  1 1  t y  t h a t  these w l  1 1  t r a v e l  f a r  i n t o  the tube be fo re  c o l l l d l n g  w i t h  the 

w a l l .  
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The t r a n s l t l o n  e f f e c t s  assoc la ted  w l  t h  tube s e c t l o n  a t  Mach numbers 

1 and 3 a r e  n e g l i g i b l e  s lnce  the t o t a l  f r e e  molecule e f f e c t  1s o n l y  35. 

However, f o r  the h ighe r  Mach numbers, f u l l  t r a n s l t l o n  t o  t h e  f r e e  mole- 

c u l e  response w l l l  n o t  be r e a l l z e d  u n t i l  a l l  b u t  a n e g l l g l b l e  f r a c t l o n  

o f  the molecular  c o l l i s i o n s  w i t h i n  the tube s e c t l o n  a r e  e l l m l n a t e d .  

Thus, I n  F igu re  5 the long $/d t r a n s l  t i o n  c h a r a c t e r i s t i c s  a s s o c l a t e d  

w i t h  the tube sec t i on ,  and s i m i l a r  t o  the s t r a i g h t  bore probe cha rac te r -  

i s t i c s ,  a re  seen t o  emerge from the l l n e  c o r r e l a t i n g  what a r e  e s s e n t i a l l y  

the aper tu re  t rans  i t i o n  cha rac te r  1 s t l  cs . 

4. Ex te rna l  C o l l i s l o n  E f f e c t s  

. 
C o l l i s i o n s  between molecules e m i t t e d  f rom the f r o n t  f ace  o f  an 

impact probe and f r e e  stream molecules i n  the path o f  I t s  a p e r t u r e  con- 

s t i  t u t e  the remaining source o f  t r a n s l  t i o n a l  e f f e c t s .  T h e o r e t i c a l  

t reatments o f  t h l s  problem u s i n g  f i r s t  c o l  l l s i o n  c o n s l d e r a t l o n s  have 

been made by L i u  (1958) and more recen t  y by Klns low and P o t t e r  (1963) 

i n  connect ion w i t h  the drag of a sphere M o d i f i c a t l o n s  t o  these 

analyses are o u t l l n e d  below I n  Sec t i on  1 1 .  

An experlment deslgned t o  secure a measure o f  these s c a t t e r l n g  

e f f e c t s  was performed by measur ing the r e l a t i v e  responses of two Ser les  

B probes having I d e n t l c a l  I n t e r n a l  geometr les,  l .e.,  D = 0.10 and 

k / d  - 2.0 , bu t  w i t h  d i f f e r i n g  e x t e r n a l  geometr les.  One had the  s tan-  

dard f l a t  f ace  of  the A and B Ser ies probes w h l l e  the f a c e  o f  t he  o t h e r  

was chamfered a t  45 . 0 
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. 
I f  i t  Is assumed t h a t  r e f l e c t i o n s  f r o m  the  face a r e  d i f f u s e  and t h e  

e f f e c t  o f  t he  chamfered f a c e  i s  to d l l u t e  the  I n t e n s i t y  o f  t h e  e f f u s e d  

molecules which can produce s c a t t e r i n g  c o l l i s i o n s  by  t h e  r a t i o  o f  t h e  

proJected f r o n t a l  area t o  the  a c t u a l  area of t h e  chamfered face, t hen  

the  r a t i o  of s c a t t e r i n g  i n t e n s l t y  from the  chamfered f a c e  to  t h a t  for  

t h a t  o f  the f l a t  f ace  i s  c o s +  , where $b i s  the  chamfer angle.  

6 

-I 4- 
Now r e f e r r i n g  t o  the f i g u r e ,  l e t  

f = the  s c a t t e r i n g  f r a c t i o n  a s s o c i a t e d  w i t h  the f l a t  f a c e  

f 2  = the  s c a t t e r i n g  f r a c t i o n  a s s o c i a t e d  w i t h  the  chamfered f a c e  

= the  s c a t t e r i n g  f r a c t i o n  a s s o c i a t e d  wl t h  t h e  a p e r t u r e  

1 

f O  

P = measured impact pressure f o r  f l a t  faced probe 
1 m 

P = measured impact pressure f o r  chamfered faced probe 
2 m 

then 

fz  = f l  cos+ 

and 

Pm2 = ( I - f o  -11 COS+)/ ( I -  fo - f l )  
Pm I 

P 

IS 



I f  t h e  a p e r t u r e  to  face area r a t i o  I s  smal l ,  as i t  i s  for  t h e  Ser les  B 

c o n f i g u r a t i o n s ,  then fo<< 1 and n o t i n g  NI/N = 1 - f ,  

The measurements from the chamfered and l a  t f a c e d  probes, expressed 

i n  the form o f  Eq. (3), a r e  presented I n  F i g u r e  8 and compared w i t h  the  

s c a t t e r l n g  theory.  I t  i s  seen t h a t  the measurements tend  t o  f a v o r  L i u ' s  

(1958) a n a l y s i s  and g i v e  evidence o f  l ess  s c a t t e r i n g  than t h a t  p r e d i c t e d  

by the theory out1:ned i n  the p resen t  paper. 

r i s e  o f  the measurements a t  low Knudsen numbers r e f l e c t s  t h e  l i m i t  o f  t h e  

free-molecule, :If1 r s t  c o l l i s i o n "  i n t e r p r e t a t i o n  o f  t h e  da ta  and, no doubt, 

a l s o  i n d i c a t e s  the l i m i t  t o  which the t h e o r y  i s  a p p l i c a b l e .  

The l e v e l  o f f  and subsequent 

. 

5. Probe Cool ing E f f e c t s  

F igures 4a and 4b show the response c h a r a c t e r l s t l c s  o f  the  Ser les  A 

probes w l  t h  w a l l  temperatures h e l d  equa 1 t o  the  f r e e  s t ream t o t a l  tempera- 

t u r e  and t o  0.41 o f  t o t a l  temperature. The most n o t a b l e  d i f f e r e n c e  between 

the two cases I s  the tendency o f  the c o o l e d  probes p ressu res  t o  i n i t i a l l y  

f a l l  below b o t h  t h e  continuum and f ree -mo lecu le  response l e v e l s  and then, 

a t  the h i g h e s t  Knudsen numbers, t o  approach t h e  f ree -mo lecu le  l e v e l .  Th i s  

non-monotonlc behavior  i s  c l e a r l y  e v i d e n t  a t  Mach numbers 3 and 6 and Is 
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(I s i m i  

da ta  

s t i o n  

more 

- 
~ 

i m p l i e d  a t  Mach number 10 where Knudsen number was presumedly not htgh 

enough t o  reverse the  downward t r e n d  i n  pressure response. 

Whi l e  the re  was not s u f f i c i e n t  o p p o r t u n i t y  under the p resen t  c o n t r a c t  

t o  pursue these c o o l i n g  e f f e c t s  w i t h  d e t a i l e d  a n a l y s i s  or  w i t h  a d d i t i o n a l  

experlments, I t  appears probable t h a t  the observed behavior  r e s u l t s  from 

the competi t i o n  between e x t e r n a l  and i n t e r n a l  t r a n s i  t i o n a l  e f f e c t s .  There 

can be no doubt t h a t  i n t e r n a l  e f f e c t s  a re  i n v o l v e d  throughout t h e  t r a n s l -  

t l o n  i n t e r v a l  s t a r t i n g  a t  Knudsen numbers = 0.2. F igu res  9a, 9b and 9c 

show the response o f  the Ser ies B probes when cooled t o  temperature r a t i o  

Tw/To = 0.41. 

probes a r e  i d e n t i c a l  and so should have I d e n t i c a l  e x t e r n a l  e f f e c t s .  The 

d i f f e r e n c e s  shown I n  F i g u r e  9 are,  then, due e n t i r e l y  t o  the e f f e c t s  of  

a p e r t u r e  I / d .  The J /d = 0.1 and 0.5 cases e x h i b i t  the same behav io r  as 

the  Ser ies  A probes ( w i t h  R / d  = 0.25) and even the 

cases show a delay i n  the  beg inn ing  o f  t he  t r a n s i t i o n a l  pressure r l s e  when 

compared w i t h  the uncooied cases shown i n  F i g u r e  6. 

The e x t e r n a l  geometry and s i z e  o f  a l l  o f  the Ser les B 

t / d  = 1 and l / d  = 2 

Addl t i o n a l  exper iments,  designed t o  determine more e x t e n s i v e l y  the 

e x t e r n a l  e f f e c t s  o f  t r a n s i t i o n  and the e f f e c t s  of  c o o l i n g  on bo th  i n t e r n a l  

and e x t e r n a l  e f f e c t ,  w l  1 1  have t o  be performed i n  o r d e r  t o  g a i n  a c l e a r e r  

p l c t u r e  o f  t he  r e l a t i v e  lrnportance o f  these e f f e c t s .  For  example, t h e  

chamfered probe data, as shown i n  F i g u r e  8, c o u l d  be extended to h l g h e r  

and lower Knudsen numbers by t e s t i n g  s m a l l e r  and l a r g e r  g e o m e t r i c a l l y  

a r  probes, and the p e r t l n e n c e  o f  the i n t e r p r e t a t i o n  p laced  on the  

c o u l d  be assessed w i t h  the t e s t l n g  o f  o t h e r  chamfer angles.  I n  add l -  

o t h e r  probe temperatures should be i n v e s t i g a t e d  w l  t h  t h e  v lew to 

c l o s e l y  s ? m u l a t l n q  a c t u a l  f i l g h t  c o n d i t i o n s  a t  v a r l o u s  Mach numbers. 
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I I I . THEORETICAL A N A L Y S I  S 

A .  M o d i f i c a t i o n  o f  Free Mo lecu la r  Flow L l m l t  f o r  Se r ies  A Probes 

I n  f r e e  mo lecu la r  f l o w  the  pressure measured by  a gauge depends 

upon the geometry o f  the t u b i n g  connec t ing  the gauge t o  the a p e r t u r e  Of 

the probe. Pond (1962) and deLeeuw and Rothe (1962) have made c a l c u l a -  

t i o n s  o f  the f r e e  mo lecu la r  response o f  gauges mounted on s t r a l g h t  bore 

tubes. These analyses a re  a l s o  a p p r o p r i a t e  f o r  o r i f i c e  type probes t h a t  

a r e  connected t o  the gauge c a v i t y  by l a r g e  diameter t u b l n g  such t h a t  t h e  

o r i f l c e  diameter i s  n e g l i g i b l e  by comparison. I n  t h i s  s e c t i o n  consldera-  

t i o n  w i l l  be g i ven  t o  the change I n  c a v i t y  pressure caused by t h e  use o f  

a f i n i t e  o r i f i c e  t o  tube diameter r a t i o s .  

Using the geometry shown I n  F l g u r e  2, the probe c o n s i s t s  o f  an aper-  

t u r e  s e c t i o n  o f  d iameter d and l e n g t h  1 connected t o  the gauge c a v i t y  

by a tube of diameter  D and leng th  L . The pressure a t  t he  gauge 

c a v i t y  w i l l  be assumed t o  r e s u l t  f rom a p ressu re  r i s e  across the  a p e r t u r e  

s e c t i o n  and a pressure r i s e  across the tube s e c t i o n .  The p ressu re  r l s e  

across the a p e r t u r e  s e c t i o n  w i  1 1  be t h a t  g i v e n  by the r e s u l t s  o f  deLeeuw 

and Rothe (1962) f o r  a probe w i t h  geometry i f  a c o r r e c t i o n  1s made 

f o r  any non-Maxwell lan d i s t r i b u t i o n  o f  the f l o w  r e t u r n i n g  i n t o  the aper-  

t u r e  sec t i on .  The non-Maxwel l lan d i s t r i b u t i o n  t h a t  i s  s l g n i f l c a n t  a t  a 

change i n  tube c r o s s - s e c t i o n  r e s u l t s  from t h e  gas f lGwIng  i n  t h e  tube. 

I n  vacuum technology i t  i s  commonly r e f e r r e d  t o  as ' l teaming.l~ The p r l -  

mary pressure r l s e  I n  the connec t ing  tube r e s u l t s  from those molecules 

t h a t  passed through the  a p e r t u r e  s e c t i o n  w i t h o u t  w a l l  c o l l l s l o n s .  A 

l / d  

V 
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secondary pressure change would r e s u l t  f rom t h e  non-Maxwell Ian d l s t r l b u -  

t ion  o f  the molecules t h a t  e n t e r  the tube s e c t l o n  a f t e r  s t r l k l n g  t h e  - 1 1  

i n  the  a p e r t u r e  sec t l on .  This secondary pressure change Is small and 

w i  1 1  be neglected.  I f  the molecules t h a t  pass through the  a p e r t u r e  s e c t l o n  

w i t h o u t  a c o l l i s i o n  e n t e r  the tube s e c t l o n  w i t h  the same v e l o c i t y  d l s t r l -  

b u t i o n  as those e n t e r i n g  the aper ture,  the pressure r i s e  across the  tube 

s e c t i o n  c o u l d  be r e l a t e d  to  the r e s u l t s  o f  deLeeuw and Rothe f o r  a probe 

w i t h  geometry L/D . Any change i n  v e i o c i t y  d i s t r i b u t i o n  would be mani- 

f e s t e d  by a change i n  the d i s t r i b u t i o n  o f  c o l l i s i o n s  on the  w a l l  o f  t h e  

probe. When a comparison i s  made o f  the d i s t r l b u t i o n  o f  w a l l  c o l l i s i o n s  

between molecules e n t e r i n g  an open tube, and molecules e n t e r i n g  t h e  same 

tube when equlpped w i t h  a smal l  ape r tu re  o f  n e g l i g i b l e  length,  I t  i s  found 

t h a t  w h i l e  t h e  d l s t r i b u t i o n  i s  a l t e r e d ,  the p r imary  e f f e c t  of the a p e r t u r e  

i s  t o  s h i f t  the s t a r t i n g  p o i n t  f o r  the d l s t r i b u t l o n .  Assuming t h e  s h i f t  

i s  t he  o n l y  s l g n i f i c a n t  change i n  the d l s t r i b u t l o n ,  and deno t ing  the  s t a r t -  

i n g  p o l n t  by L 1  , the pressure r i s e  across the  s e c t l o n  o f  the tube between 

t h e  s t a r t i n g  p o i n t  and the gauge cavi  t y  can be r e l a t e d  t o  the pressure o f  

a s t r a i g h t  bore tube w i t h  geometry ( L  - L')/D. 

= f r a c t l o n  o f  the  incoming molecules t h a t  a r r l v e  a t  
Nc ( I  1 
NI 
- 

w i t h o u t  c o l  l l d i n g  w l  t h  the  a p e r t u r e  w a l l  

= pressure i n  a s t r a l g h t  bore tube w f th  geometry 

(L - l')/D D 
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PI  re ference pressure equal  t o  t h e  p ressu re  measured 

behind an l n f l n i t e l y  t h l n  o r i f i c e  i n  a c a v i t y  a t  

t h e  same temperature as the  probe 

The assumptions l e a d i n g  t o  Eq. 

a t h l n  ape r tu re .  I t  i s  n o t  obv ous t h a t  a s i m i l a r  v e l o c i t y  d i s t r l b u t i o n  

would e x i s t  i f  t he  a p e r t u r e  had a f i n i t e  l eng th .  I n  t h e  event  the d i s t r l -  

b u t i o n  i s  changed by the f i n i t e  a p e r t u r e  l eng th ,  t he  degree o f  change w l l l  

increase as t h e  f r a c t i o n  o f  incoming molecules t h a t  pass through the  aper-  

t u r e  decreases. Since fewer molecules w i l l  be i n v o l v e d  i n  any a l t e r e d  

d i s t r i b u t i o n ,  the e f f e c t s  o f  the a l t e r a t l o n  w i  1 1  be lessened. For t h e  

p resen t  a n a l y s i s  any e f f e c t s  w i  1 1  be Ignored.  

4) were based on the comparlson I n v o l v i n g  

The pressure r i s e  across the  l e n g t h  L '  can be o b t a i n e d  f rom t h e  

" l o n g  tube" app rox ima t ion .  (See Dushman, 1962, f o r  example). 

The gauge pressure can now be approxlmated by  

. 

The l a s t  t e r m  I n  t h i s  exp ress ion  1s a Sern l -empir lca l  c o r r e c t i o n  to account 
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f o r  the f a c t  t h a t  the pressure drop through a s e r l e s  o f  components 1s less 

than the sum o f  the pressure drops through the l n d l v l d u a l  unftr. This Is 

caused by molecu la r  "beaming" i n  the tube t h a t  r e s u l t s  I n  a non-Maxwell lan 

v e l o c l t y  d i s t r i b u t i o n  a t  the j u n c t i o n  o f  the components. 
f 

B. Ex te rna l  Trans i  t i o n a l  E f f e c t s  

When the stream d e n s i t y  increases, molecules rebounding f rom the  probe 

face w i l l  t r a v e l  ahead o f  the probe and c o l l i d e  w i t h  f r e e  stream molecules. 

Some o f  these c o l l i s i o n s  w i l l  i nvo l ve  f r e e  stream molecules t h a t  were pro- 

ceeding i n t o  the a p e r t u r e  and, as a consequence o f  the c o l l l s i o n ,  these 

incoming molecules w i  1 1  be d i v e r t e d  or s c a t t e r e d  f rom the pa th  o f  the  aper-  

tu re .  Whi le  o t h e r  f r e e  stream molecules may be d i v e r t e d  I n t o  the aper ture,  

the p r o b a b i l i t y  o f  t h i s  o c c u r r i n g  I s  smal l  due t o  the small s o l i d  a n g l e  swept 

o u t  by the aper tu re .  

L i u  (1958) and Kins low and Po t te r  (1963) have i n v e s t i g a t e d  the  s c a t t e r -  

i n g  o f  f r e e  stream molecules by molecules rebounding f rom a probe face  and 

a sphere, r e s p e c t l v e l y .  Whi le  the  c a l c u l a t t o n  d e t a l  I s  d i f f e r ,  the b a s l c  

assumption i n  bo th  analyses i s  t h a t  any c o l l i s i o n  between a molecule 

l e a v i n g  the body and a f r e e  stream molecule l oca ted  I n  the c o l l l s l o n  zone 

prevents  t h a t  mo lecu le  f rom s t r i k i n g  the  body. The c o l l l s l o n  zone Is 

d e f l n e d  as the  c y l i n d e r  e x t e n d i n g  forward f rom the body w l t h  a cross-sec- 

t i o n a l  area equal  t o  the p r o j e c t e d  area o f  t he  body. 

U s i n g  t h l s  b a s i c  assumptlon, and denot ing  the  f r a c t i o n  of the  re- 

bounding molecules t h a t  c o l  l l d e  w i  th f r e e  stream molecules I n  the  c o l  llslon 
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/N , i t  i s  found t h a t  the r a t e  a t  which molecules s t r i k e  N l a ,  1 zone by 

a u n i t  area on t he  body i s  g i v e n  by 

NI = Nm- Nl((-N?-) N 1-00 
(7)  

o r  

The r e s u l t s  o f  c a l c u l a t i o n s  o f  t h i s  t e r m  u s i n g  the two b a s i c  approaches 

a r e  presented I n  F i g u r e  10. Also i n c l u d e d  a r e  the r e s u l t s  o f  a more e x a c t  

/ N  was c a l c u l a t e d  as the  numerical  a n a l y s i s  f o r  the same term where 

f r a c t i o n  of t he  rebounding molecules t h a t  c o l l i d e d  w i t h  f r e e  stream mole- 

cu les  before pass ing through the su r face  o f  the c o l l i s i o n  zone. 

N l a ,  1 

The r e s u l t s  o f  the a n a l y s l s  which was s i m i l a r  t o  t h a t  by K ins low  and 

P o t t e r  (1963) show the most c o l l l s i o n s  s i n c e  t h a t  approach a p p l i e s  t h e  

maximum c o l l l s l o n  f requency, I .e., the c e n t e r l i n e  value, o v e r  the  e n t l r e  

c r o s s - s e c t i o n  o f  t he  c o l l l s l o n  zone. The r e s u l t s  o f  L l u  (1958) show t h e  

l e a s t  c o l  I l s i o n s ,  s i n c e  the approx lma t lon  used ove res t ima tes  the r a d i a l  

expanslon o f  the reboundlng molecules near  the  probe face. 

C. I n t e r n a l  Trans1 t i o n a l  E f f e c t s  

1 .  l n t r o d u c t l o n  

A s  was o u t l i n e d  i n  the  p r e l l m l n a r y  d i s c u s s i o n  o f  S e c t l o n  I I ,  
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l n t e r m l e c u l a r  c o l  I i s i o n s  w l  th in  the  probe have two Impor tan t  e f fects .  

I d  

? 

One e f f e c t  i s  the tendency of t he  Incoming molecules to h l n d e r  probe 

molecules f rom leav ing  the e x l t .  Since the  i n v e s t l g a t i o n  o f  t h l s  phew- 

menon will be l i m i t e d  t o  c o l l l s l o n s  w i t h  o u t g o i n g  molecules t h a t  would 

no t  normal ly  c o l l i d e  w i t h  e i t h e r  t h e  w a l l  o r  another  probe molecule 

be fore  l eav ing  the probe, the e f f e c t s  o f  t h i s  process w i ! l  be domlnated 

by c o l l i s i o n s  near  the aper tu re .  

The second e f f e c t  r e s u l t s  f rom th.e c o l l i s i o n s  causing the incoming 

molecules to  lose most o f  t h e i r  d i r e c t e d  c h a r a c t e r  be fo re  they s t r i k e  the  

w a l l .  This has a s i m i l a r  e f f e c t  t o  moving the d i s t r i b u t i o n  of w a l l  colll- 

slons forward and tends t o  reduce the gauge c a v i t y  pressure.  

o f  t h i s  process a r e  s i g n i f i c a n t  a l l  a long  the  walls o f  the probe. 

The e f f e c t s  

2. I n t e r n a l  S c a t t e r l n g  

I n  o rder  t o  determine the number o f  probe molecules t h a t  a r e  pre-  

vented from go ing  o u t  the aper tu re  by c o l l i s i o n s  w i t h  Incoming molecules 

I t  will be necessary to: ( I )  determine the  d l s t r i b u t l o n  o f  c o l l l s i o n s  

between incoming molecules and prcjbe molecules;  (2) determlne the number 

o f  these probe molecules t h a t  were d i r e c t e d  towards the  aper ture;  and 

(3) determine the  number of these aper ture-bound molecules t h a t  would 

have proceeded t o  the aper tu re  w l  t hou t  c o l  I i d i n g  w i  t h  a probe molecule. 

I n  o r d e r  to e s t i m a t e  the c o l l i s i o n  r a t e  between Incoming and probe 

molecules, i t  i s  necessary t o  consider  the decrease I n  Incoming molecules 

due t o  c o l l i s i o n s  w i t h  [ne is!!. ! t  Is convenient  t o  use an a n a l y t l c a l  
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approximation f o r  t he  f r e e  molecular  f l u x  o f  lncomlng molecules t h a t  have 

n o t  s t r u c k  the w a l l  a t  3 s t a t i o n  x . I n  t h l s  approximat ion,  i t  Is assumed 

t h a t  the v e l o c i t y  distribution of the  incoming molecules t h a t  have not 

s t r u c k  the w a l l  Is unchanged a long  the  l e n g t h  o f  the tube. I n  t h l s  case 

the f r a c t i o n  o f  the lncomlng molecules t h a t  have n o t  s t r u c k  the  w a l l  

becomes 

N,(x) xr = exp- - N l  D 

2 [ I  t erf (SI] r =  
exp - s2 tJ-. s [I + e r f ( ~ ) ]  

X 

erf ( x  1 =r[ 2 exp - y2 dy 

( 9 )  

I f  the r a d i a l  t r a v e l  o f  the molecules i s  i gno red  I n  the c a l c u l a t i o n  

o f  t he  d i s tance  t r a v e l e d ,  the c o l l l s l o n  r a t e  between Incoming molecules 

and probe molecules i s  ob ta ined  by m u l t i p l y i n g  Eq. (9)  by exp - ( x A  

a,I 
1 

i s  the mean f r e e  p a t h  between incoming molecules and 

probe molecules r e l a t i v e  t o  the  probe and must be considered as an average 

va lue  s i n c e  the d e n s i t y  changes w l t h  a x i a l  l o c a t i o n  i n  t h e  probe. 

a0 - I  dx where 

O f  these c o l l i s i o n s ,  app rox lma te l y  one -ha l f  were w i t h  probe molecules 

t h a t  were moving toward the a p e r t u r e  end o f  t he  probe. 

these molecules t h a t  were d i r e c t e d  toward the  a p e r t u r e  can be o b t a i n e d  from 

f r e e  molecular  f l ow  concepts. Assuming t h a t  t h e  c e n t e r l l n e  c o n d l t l o n s  a r e  

r e p r e s e n t a t i v e  o f  t he  cross-sect lon,  the f r a c t l o n  o r i e n t e d  toward the  orl f lce  

The f r a c t i o n  o f  

Is g i v e n  by 1 / [  1 + ( ~ x / D ) ~ ]  
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The f r a c t i o n  of these probe molecules t h a t  would have proceeded to 

the  o r i f i c e  w l t h o u t  f u r t h e r  c o l l i s i o n s  w i t h  o t h e r  probe molecules Is 

exp(- x h  1) where A ,  I s  the mean f r e e  pa th  of the  probe molecules.  

If a l l  o f  these m o d i f i c a t i o n s  a r e  a p p l i e d  t o  Eq. (9) and the r e s u l t  

i n t e g r a t e d  over  the c o l l i s i o n  l e n g t h  the re  I s  o b t a i n e d  

N,-l = r a t e  o f  c o l l i s i o n s  pe r  u n i t  area o f  e n t e r i n g  

molecules w i  t h  probe molecules t h a t  ( 1 )  were 

d i r e c t e d  toward the aper tu re ,  and (2 )  would 

no t  have c o l l i d e d  w i t h  o t h e r  probe molecules 

be fo re  reach1 ng t h e  a p e r t u r e  

The upper 1 i m i  t on t h i s  express ion w i  1 1  vary  w i t h  the probe geometry 

s ince  i t  shou ld  i nc lude  the  l eng th  o f  the o r i f i c e  and some c h a r a c t e r i s t i c  

d i s tance  i n t o  the c a v i t y  t o  account f o r  i n t e r n a l  s c a t t e r i n g  i n  t h i s  reg ion.  

Since t h i s  i n t e g r a l  must be eva lua ted  by approx imate methods, and s ince  i t  

i s  found t h a t  the pressure c o r r e c t i o n  r e s u l t i n g  from t h i s  term Is smal l ,  

the i n t e g r a l  has been eva lua ted  w i t h  an upper l t m i t  o f  I n f i n t t y .  Thts 

f the a p p r o p r i a t e  

Inc luded  I n  

produces an e r r o r  o f  l ess  than 

d l  s tance I s grea te r  than a mean 

F i g u r e  10. 

5$ In  the c o r r e c t i o n  term 

f r e e  path.  This r e s u l t  I s  
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3. Hodlflcatlon of h d  Effect Due to Internal  Colllsfons 

When incomlng molecules s t r i k e  probe molecules, the lncomlng mle- 

cules  a re  diver ted from t h e i r  o r lg ina l  t r a j ec to ry .  Due to the d l rec ted  

nature of the lncomlng molecules, there  Is a tendency for  these c o l l l -  

sions to r e s u l t  I n  both molecules h a v l n g  an  ax la l  motion toward the gauge 

cav l ty ,  but i n  addi t ion  the co l l l s ions  usual ly  r e su l t  I n  both molecules 

receiving a radial  component of ve loc i ty .  This radial  component will 

generally cause both molecules to  contact  the w a l l  before movlng any 

s lgn i f l can t  ax ia l  d l s tance .  As a r e s u l t  of t h i s  w a l l  c o l l l s l o n ,  I t  Is 

assumed that  both molecules lose a n y  d i r ec t iona l  c h a r a c t e r i s t i c s  and 

leave the wall with the  random d l s t r l b u t i o n .  Since the intermolecular  

c o l l i s l o n s  occur before the lncomlng molecules a r r l v e  a t  the ax la l  loca- 

t ion of the w a l l  collision In f r ee  molecular flow, the pr inctpal  e f f e c t  

o f  these Intermolecular co l l l s ions  i s  to cause the lncomlng molecules to 

lose the i r  d i rec ted  character  nearer the aper ture  than they would i n  the  

f r ee  molecular flow case.  I n  order to  eva lua te  the e f f e c t  of these c o l l l -  

slons i t  w i l l  be assumed that  a n  Incoming molecule loses I t s  d i rec ted  

veloci ty  upon I t s  f i r s t  co l l i s ion  with e l t h e r  a probe molecule o r  the 

w a l l .  This corresponds t o  the condition of negl lg ib le  ax la l  movement by 

the incomlng molecule between the intermolecular  c o l l l s l o n  and the next 

wall co l l l s lon .  

Since t h l s  assumption has the e f f e c t  of a l t e r l n g  the d i s t r l b u t l o n  of 

the I n i t i a l  c o l l i s i o n s  of lncomlng molecules w l t h  the wall ,  I t  Is necessary 

to deterrnlne the e f f e c t  of t h l s  a l t e r e d  d l s t r Ibu t Ion  on  the gauge pressure.  

The ana lys l s  of t h l s  e f f e c t  W f 1 1  be l lmlted to  s t r a l g h t  bore probes. 
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Both Pond (1962)  a n d  deLeeuw and Rothe(1962)  u s e d  t h e  baslc develop- 

ment o f  C l a u s l n g  (1932)  to d e t e n l n e  t h e  f r e e  m o l e c u l a r  pressure In 1 

s t r a l g h t  b o r e  probe .  By u s l n g  the c o n t l n u l t y  e q u a t l o n ,  t h e y  show t h a t  t h e  

p r e s s u r e  can  be approx ima ted  by 

= f r a c t i o n  of incomlng m o l e c u l e s  t h a t  a r r l v e  a t  
Nm 
NI 
- 

the gauge c a v i t y  

m N 
e v a l u a t e d  a t  S = 0, i . e . ,  p r o b a b l l l t y  

t h a t  a random molecu le  w i l l  p roceed  t h r o u g h  

the tube  b e f o r e  r e t u r n i n g  t o  t h e  e n t r a n c e ,  

The term N m / N l  c an  be e x p r e s s e d  by 

p = p r o b a b i l l t y  t h a t  a m o l e c u l e  s t r l k l n g  t h e  w a l l  

a t  x wl 1 1  a r r l v e  a t  t h e  gauge cavf t y  b e f o r e  

l t a r r i v e s  a t  t h e  a p e r t u r e .  

Equa r ions  ( i  i , i z j  were d e r i v e d  for f r e e  m o i e c u i a r  f i o w ,  b u t  t h e y  w i  i i  
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a p p l y  t o  the t r a n s l t l o n a l  f l o w  I f  the  e f f e c t s  o f  I n t e r m o l e c u l a r  ~ 0 1 1 1 -  

stons a r e  i nc luded  I n  the terms. 

The t e r m  Nc/NI , which corresponds t o  those molecules t h a t  have 

n o t  s t r u c k  the w a l l ,  must be m o d l f l e d  s i n c e  I n  the t r a n s i t i o n a l  f l o w  

a n a l y s i s  the l n l t l a l  c o l l i s i o n s  between tncoming and probe molecules a r e  

t o  be constdered equ iva len t  t o  w a l l  c o l l l s l o n s .  I f  the r a d i a l  mo t lon  of 

t he  incoming molecules i s  neglected,  the t r a n s l t l o n a l  f l o w  c o l l l s l o n  

term ( N c / N I ) T  becomes 

I 
exp - - 

Am-l * 

Th i s  t e r m  can be eva lua ted  by u s i n g  the numer ica l  methods o f  Pond 

(1962) and deLeeuw and Rothe (1962) o r  l e s s  a c c u r a t e l y  by u s i n g  the a p p r o x l -  

mat lon presented i n  Eq. (9). 

Another t e r m  i n  Eq. ( 1 2 )  t h a t  may va ry  w i t h  the  Knudsen number Is the 

p r o b a b i l i t y  term p . Some exper lmenta l  r e s u l t s  o b t a i n e d  f rom the f l o w  of  

gases I n  tubes connect ing l a r g e  chambers have been summarlzed by  Dong and 

Bromley (1961). 

unchanged i f  the Knudsen number i s  g r e a t e r  than u n l  t y .  1 t has been argued 

t h a t  t h l s  I s  the r e s u l t  of two opposlng c o n d i t i o n s  b rough t  about by t h e  

i n t e r m o l e c u l a r  c o l l i s i o n s .  These c o l l i s i o n s  tend t o  Impede the progress 

of the molecules s lnce  the mean f r e e  p a t h  between c o l l l s l o n s  i s  e f f e c t i v e l y  

reduced, but a t  the same t lme the c ~ l l l s i o n s  tend t o  genera te  a mass mot lon  

I n  the  tube. These tendencles e f f e c t i v e l y  cancel  one ano the r  u n t l l  t he  

Knudsen number decreases below u n l t y  where the  mass m o t l o n  dominates and 

s l l p  f low beglns. 

These r e s u l t s  i n d i c a t e  t h a t  the probabi  l l t y  i s  e s s e n t l a l l y  
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The p l  t o t  probe represents  a more unique c o n d l t l o n  slnce t h e r e  Is no 

chance for a mass mot lon  t o  develop. This I s  due to  the lack of net mass 

flow a t  a l l  s t a t i o n s  i n  the tube. Slnce the re  I s  no n e t  mass flow, I t  

would be expected t h a t  the e f f e c t  o f  i n t e r m o l e c u l a r  c o l l i s i o n s  would be 

t o  reduce the p r o b a b l l i t y .  

long tubes t h i s  reduc t l on  i s  approx lmate ly  . ; lu lva lent  t o  i nc reas ing  the  

e f f e c t l v e  tube l / d  by 

P o l l a r d  and Present (1998) have shown t h a t  for 

P r e l i m i n a r y  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h i s  approach tends t o  over -  

es t imate  the changes i n  probabl  l i t y  f o r  s h o r t  tubes. Slnce i t  appeared 

t h a t  a much more s o p h i s t i c a t e d  a n a l y t l c a l  and exper imenta l  l n v e s t t g a t i o n  

would be r e q u i r e d  t o  reso lve  t h l s  problem, the s lmp les t  assumption was 

made, t h a t  the probabi  l i t i e s  a r e  unchanged by the i n te rmo lecu la r  c o l l t s i o n s .  

Claus ing (1932) developed an approx imat ion f o r  the probabl  l l t y  term 

whlch has the  form 

p 

p = a + ( I  - 2 0 )  T X 

a = f u n c t t o n  o f  c(/d o n l y  (approx imate ly  

equal t o  one-ha i f  of the Claus lng 

f a c t o r  f o r  t h a t  l / d  ). 



Us lng  Eqs.  ( 13) and (IS), Eq. '( 12) becomes 

I f  Eq. (16) Is used i n  Eq. ( I ] ) ,  the r e s u l t l n g  va lue o f  gauge p ressu re  

must then be c o r r e c t e d  f o r  e x t e r n a l  o r  i n t e r n a l  s c a t t e r i n g .  

i n g  t h l s  c o r r e c t i o n  however, I t  i s  u s e f u l  t o  compare the u n c o r r e c t e d  

pressures ob ta ined  f rom the numer ica l  approach o f  deLeeuw and Rothe (1962) 

w i t h  these ob ta lned  f rom the approx imat ion,  Eq. (9 ) .  Th ls  app rox ima t ion  

Is p a r t l c u l a r l y  convenlent s i n c e  a c losed  s o l u t i o n  can be o b t a l n e d  f o r  

Before app ly -  

h- I 

. 

a I - e x p -  - rr + - 
d Am-, 

rj a t ( I  - 2 0 )  
- &- 

d '  XCQ- I 

The uncorrected-pressures r e s u l t i n g  from the use o f  Eq. (17) or  numer- 

i c a l  c a l c u l a t i o n s  w l t h  Eq. ( 1 1 )  a r e  compared a t  S = 2.5 f o r  a range of 

Knudsen numbers In F l g u r e  1 1  a. T h l s  f l g u r e  shows t h a t  t h e  l a r g e s t  d l f f e r -  

ences occu r  I n  the f r e e  m o l e c u l a r  f l o w  r e g l o n  so t h l s  l i m l t l n g  case I S  

compared f o r  v a r i o u s  speed r a t i o s  I n  F i g u r e  1 1  b. I n  a l l  of these comparl- 

sons, t he  r e f  e rence term (Nm/Nl)s.lo was e v a l u a t e d  from C l a u s i n g ' s  r e s u l t s .  

so 



L 

i 
1 .  

I .  

F i g u r e  1 1  b shows t h a t  the approxlmate s o l u t i o n  is u s e f u l  for an lncreas- 

I n g  range o f  L/D as the speed r a t l o  i s  increased, b u t  for  t y p l c a l  rupc r -  

son ic  condi  t l o n s  the approx imat ion appears adequate f o r  tubes wl th L/D < 1. 

c u l a t e  Pm/PIF I t  Is necessary t o  app ly  the  c o r r e c t i o n s  

oped. T h i s  I s  accomplished by the f o l l o w i n g  expresslon. 

I n  o rde r  t o  ca 

t h a t  have been deve 

Pm - - -  
PI r' 

IV. APPLICATION OF TitE I M P A C T  PROBE TO FLIGHT MEASUREMENTS 

A. I n t r o d u c t i o n  

The impact probe i s  w e l l  es tab l i shed  as  a p r imary  f l i g h t  lns t rument  

I n  cont inuum f lows.  A t  f l l g h t  speeds i n  excess o f  1.5 o r  2 t imes t h e  

speed o f  sound, impact pressure has a weak dependence on Mach number and 

I s  very  n e a r l y  equal t o  

gas. Thus, the impact pressure prov ides a d i r e c t  measure o f  the aero-  

dynamic fo rces  Imposed on the f l t g h t  v e h l c l e  s t r u c t u r e .  I n  a d d l t i o n ,  I f  

an independent measure o f  v e h l c l e  v e l o c i t y  Is a v a l l a b l e ,  which I S  u s u a l l y  

the  case f o r  rocke t  boosted veh lc les  where rada r  t r a c k l n g  is employed, 

then the q u o t i e n t  o f  t he  Impact pressure and the  square o f  the  measured 

v e l o c l  t y  g ives  the  l o c a l  amblent dens1 t y  o f  the  atmosphere. 

p U2 , the n e t  momentum f l u x  o f  the  f r e e  s t ream 



Since the f ree  molecule response of an impact probe Is determined by 

the r e l a t i v e  r a t e s  a t  whlch molecules can e n t e r  and leave the  probe aper ture,  

and n o t  by the momentum whlch they c a r r y ,  t h e r e  a r e  some n o t a b l e  d i f f e r e n c e s  

between the  free-molecule and contlnuum response c h a r a c t e r i s t l c s .  The most 

obvious o f  these Is a dependence on the f l r s t  power o f  f r e e  stream v e l o c i t y ,  

I ns tead  the second power, and a dependence on probe temperature. I n  add i -  

t i o n ,  i t  w i l l  be shown t h a t  Mach number ( o r  speed r a t i o )  has a s l g n i f l c a n t  

e f f e c t  which Is r e l a t e d  t o  i n t e r n a l  geometry and, I n  f a c t ,  t h i s  I n t e r r e l a t e d  

e f f e c t  o f  Mach number and I n t e r n a l  geometry can be used to o b t a I n  d i r e c t ,  

independent measure o f  Mach number. 

The contlnuum and f r e e  molecule response l e v e l s  a r e  t h e  anchor p o i n t s  

f o r  the t r a n s l t i o n a l  c h a r a c t e r i s t i c s  o f  the probe whlch must be drawn p r l -  

m a r i l y  f rom experiments s i m i l a r  t o  those desc r ibed  I n  Sec t l on  1 1 1 .  The 

procedures and assumptions i n v o l v e d  i n  reduc ing  w ind  tunnel  exper imenta l  

data t o  a form whlch can be a p p l i e d  t o  the i n t e r p r e t a t i o n  of f l i g h t  measure- 

ment w i  1 1  be discussed below. Free molecule response w l  1 1  be cons lde red  

f i r s t  and expressed i n  terms o f  the Independent v a r i a b l e s  whlch a r e  u s u a l l y  

aval  l a b l e  i n  f 1 1 ght  measurements. 

B. Free Molecule Reglme 

Since no c o l l i s i o n s  between molecules a r e  a l lowed,  each species of 

gas may be considered Independent ly  and t h e  f l u x  o f  f ree-st ream molecules 
c 



o f  spec ies . "  i ' I  through the  aper tu re  Is: 

where s i s  the  molecu la r  speed r a t i o  d e f i n e d  by 

= J & - p F  x Mach number 

k = Bo1 tzmann cons tan t  

m = mass o f  a molecule 

n = number d e n s i t y  o f  the species i n  the  f r e e  s t ream 

Too = temperature of the species i n  the  f r e e  s t ream 

Q) 

-9 
X ( s )  = E + ( I  +erf  S )  

L and 

e n t e r i n g  the  a p e r t u r e  w i t h  l e n g t h  4 and ang le  o f  a t t a c k  8 , w i l l  reach 

t h e  probe c a v i t y .  

W(D , s,  8 ) i s  t he  p r o b a b i l i t y  t h a t  a f r e e  s t ream molecule, a f t e r  

A s im i  l a r  express ion can be w r l  t t e n  f o r  t h e  f l u x  o f  

molecules l e a v i n g  t h e  probe cav i  t y  i n  which case W(D, L 0 ,  0 )  i s  s i m p l y  

t h e  C laus lng  f a c t o r .  

There fore  I f  the s u b s c r i p t s  a0 and m r e f e r  t o  f r e e  s t ream and probe 

c a v i  t y  condi  t l o n s  r e s p e c t i v e l y ,  

E q u i l i b r i u m  requ i res  t h a t  the two f l uxes  be equal .  



Now I f  T, i s  expressed I n  terms of the f r e e  stream velocity (U) 

and speed r a t l o ,  t he  p a r t t a i  p ressu re  response i n  the probe u v i t y  for 

species I' i I '  i s  

Pmc= nmkTml 

I f t he  speed r a i  i s  w i th in  a 
XCS, 

o i s  g rea te r  than 2, the f u n c t i o n  - 
2 f i s  

f r a c t i o n  o f  a percent  o f  u n i t y .  Then, i f  the r a t i o  o f  the 'lw" p r o b a b i l i t y  

f u n c t i o n s  a r e  expressed as W ( d ,  1 s ,  8 ) the summation o f  a l l  p a r t i a l  p res -  

sures i s  

I n  a gas m i x t u r e ,  the h e a v i e r  molecules have a l a r g e r  speed r a t i o  

and a corresponding l a r g e r  va lue f o r  W .  Therefore,  the Impact probe 

d i s c r i m i n a t e s  t o  f a v o r  a l a r g e r  c o n c e n t r a t i o n  o f  heavy molecules I n  the  

gauge c a v i t y  than i n  the f r e e  stream. 

Now i f  a f r e e  s t r e a m  mean mo lecu la r  we tgh t  i s  def ined: 

and s im i  l a r l y  a mean speed r a t i o  among a l l  spec ies s=u/&%??O 

s4 

A 



l 
I then Pa i s  w r i t t e n  I n  f i n a l  fom 

F i g u r e  12 shows a p l o t  o f  the f u n c t i o n  W versus the  speed r a t i o  for  

cons tan t  va lues  o f  a p e r t u r e  l / d  and fo r  ze ro  ang le  o f  a t t a c k .  I t  I S  seen 

t h a t  i f  the speed r a t i o  assoc ia ted  w i t h  the l n d i v l d u a l  spec les does not vary 

f rom the  mean by more than 10 o r  20&, then the r a t i o  W ( S  ) / W ( 3 )  

expressed In t h e  approx imate f o r m  

can be 

dw S 

ds ' F j  where B = - 

&=p, the express ion  under the summation can be 
S ma, Now, n o t i n g  t h a t  

w r l  t t e n  

c 



A p r e l l m i n a r y  ana lys  

of mo lecu la r  and atomic n 

s l n d l c a t e s  t h a t  for  a l l  p o s s l b l e  comblnat lons 

t rogen and oxygen I n  the  atmosphere, t h e  s u m -  

i s  w i t h i n  1 o r  2% o f  uni t y .  Thus, t h e  f r e e  

s t ream dens i t y  I s expressed i n  terms o f  the measured parameters 

A n o t e  o f  cau t i on ,  however, i s  i n  o r d e r  rega rd ing  t h e  behav io r  o f  

a tomic  species.  The response r e l a t i o n s h i p  which has been d e r i v e d  t a c i t l y  

assumes the absence of  any recombina t ion  w i t h i n  t h e  probe a p e r t u r e  o r  

c a v i t y .  The v a l i d i t y  o f  t h i s  assumption shou ld  be c r i t i c a l l y  i n v e s t i g a t e d ,  

p a r t i c u l a r l y  w i t h  regard  t o  recombina t ion  a t  the  probe w a l l ,  b e f o r e  f r e e  

molecule probes o f  any d e s c r i p t i o n  a r e  a p p l i e d  t o  upper atmosphere measure- 

ments where s i g n i f i c a n t  decomposi t ion e x i s t s .  E r r o r s  as l a r g e  as 30& can 

r e s u l t  depending on the e x t e n t  o f  recombinat lon.  

I f  an i o n i z a t i o n  type sensor  i s  used I n s t e a d  o f  a p ressu re  sensor, 

the molecular  number d e n s i t y  I n  t h e  probe c a v i t y  i s  t h e  q u a n t i t y  wh ich  Is 

measured and must be r e l a t e d  t o  f r e e  stream c o n d i t i o n s .  The response r e l a -  

t i o n s h i p  i s  s i m i l a r  t o  t h a t  f o r  t h e  pressure  sensor b u t  i s  m o d l f l e d  t o  

account  f o r  t h e  v a r l a t i o n s  i n  i o n i z a t i o n  gauge response w l t h  respec t  t o  

gas specles.  

I f  C i  i s  t h e  i o n i z a t i o n  gauge c a l i b r a t i o n  f o r  spec les  ' I ;  ' I ,  t h e  

gauge c a v i  t y  number densi  t y  response Is: 

36 



The t o t a l  i n d i c a t e d  gauge d e n s i t y  r e l a t i v e  t o  t h e  mean mo lecu la r  we igh t  of 

the f r e e  stream Is 

Thus ambient d e n s i t y  can be w r i t t e n  

Pm 

.. v- 

Here the  q u a n t i t y  t o  be summed i s  the same as t h a t  f o r  pressure  response 

except  f o r  the a d d i t i o n a l  gauge c a l i b r a t i o n  f a c t o r s ,  C i  . It Is not 

expected t h a t  C w i  1 1  d i f f e r  app rec iab l y  f o r  the  p r l n c l p a l  spectes p r e s e n t  

i n  the  atmosphere, and the  va lue  o f  t h e  summatton wl 1 1  be very  near  un l ty .  

Four n o t a b l e  d l f f e r e n c e s  are seen between t h e  f r e e  molecu le  and con- 

t inuum response c h a r a c t e r i s t i c s .  F i r s t ,  the f r e e  molecu le  response depends 

on the  ti r s t  power o f  probe \ro!nc? t y  r a t h e r  than v c l o c l  t y  squared; second, 



t h e r e  i s  a d i r e c t  dependence on probe temperature and amblent mean mole- 

must be accounted f o r .  

The W f u n c t i o n  i s  a measure o f  the probabi  li t y  t h a t  a d l  r e c t e d  

molecule w i t h  speed r a t i o  s w i  1 I t r a v e r s e  the  a p e r t u r e  l e n g t h  4 com- 

pared w i t h  t h e  p r o b a b i l i t y  o f  molecules w l t h  a random v e l o c i t y  d i s t r i b u t i o n .  

When S , and/or  J/d a r e  zero, the value o f  W i s  u n i t y .  A t  h i g h  speed 

r a t i o s  and f i n i t e  a p e r t u r e  &d , the f r e e  stream molecule can p e n e t r a t e  

deep i n t o  the a p e r t u r e  b e f o r e  encoun te r ing  the w a l l  and W becomes g r e a t e r  

than 1 .  R e f e r r i n g  aga in  t o  F i g u r e  12, i t  i s  seen t h a t ,  f o r  l a r g e  speed 

r a t i o s ,  ape r tu re  lengths t h a t  a r e  j u s t  a f r a c t i o n  o f  the d iameter  produce 

s i g n i f i c a n t  increases i n  probe response. 

The e f f e c t  o f  f l i g h t  a t t i t u d e  ang le  ( 8 )  i s  e s s e n t i a l l y  t o  move the  

d i s t r i b u t i o n  of  f i r s t  c o l l i s i o n s  w i t h  the w a l l  f o r w a r d  I n  the a p e r t u r e .  

This  e f f e c t i v e l y  c u t s  o f f  the a p e r t u r e  J/d  and the v a l u e  o f  W I s  

approp r i  a t e  l y  reduced. Hughes and deLeeuw ( 1964) ca I c u  l a t e  a 5$ reduc- 

t i o n  i n  pressure w i t h  

a p e r t u r e  L/D = 1 .  The r e d u c t i o n  Is 15% f o r  8 = 20'. Therefore,  If 

f r e e  molecule probes w i t h  long a p e r t u r e s  a r e  f lown a t  h i g h  speed r a t i o s  

the a t t i t u d e  o f  the probe must be c a r e f u l l y  c o n t r o l l e d .  

8 = IOo f o r  a probe a t  Mach number 5 w l t h  an 

The d i s c r i m i n a t o r y  c h a r a c t e r i s t i c s  o f  t he  impact  tube which f a v o r  

the h e a v i e r  molecules appear t o  be of  l l t t l e  consequence, p r o v i d e d  t h e  

mean molecular  welght  o f  the f r e e  stream Is a p p l i e d  t o  the  speed r a t l o  

and the gas constant f o r  the probe c a v i t y  molecules.  The e f f e c t s  of  nwie- 

c u l a r  recomblnat lon,  however, can be a s i g n i f i c a n t  source of  e r r o r  i f  l a r g e  

concen t ra t i ons  o f  a tomic species a r e  I n v o l v e d .  

SB 

. 

: c u l a r  weight; t h i r d ,  t he re  i s  a dependence on probe i n t e r n a l  geometry and 

a t t i t u d e  through the f u n c t i o n  W ; and, f i n a l l y ,  t h e  e f f e c t s  o f  recomblna- 

t i o n  and o t h e r  chemlcal r e a c t i o n s  w i t h i n  the probe a p e r t u r e  and c a v i t y  
R 



C. Trans1 t l o n a l  Reglme 

t 

I t  was shown i n  Sec t i on  I I  t ha t  f o r  probes w i t h  s h o r t  a p e r t u r e  

lengths,  t he  parameter Re2 (%)+ p r o v i d e d  good c o r r e l a t i o n  for  

exper imenta l  data between Mach numbers 1 t o  10 over  the e n t l r e  range of 

t rans1  t l o n .  Since the s h o r t  ape r tu re  geometry a l s o  lends I t s e l f  read1 l y  

t o  f l i g h t  a p p l i c a t i o n s  because o f  s h o r t  response t imes and r e l a t l v e  Insen- 

s i t i v l  t y  t o  ang le  o f  a t t a c k ,  the i n t e r p r e t i v e  procedure developed below 

f o r  f l i g h t  measurements i n  t h e  t r a n s i t i o n a l  f l o w  regimes wIll be based 

on response c h a r a c t e r i s t i c s  slml l a r  t o  those measured fo r  t h e  probe 
Pm- Po' 

Ser ies  A c o n f l g u r a t i o n .  That i s ,  the response parameter pF- pol wi 

m o n o t o n i c a l l y  vary  f rom ze ro  to u n i t y  i n  the i n t e r v a l  o f  about a two o r d e r  

and w i  1 1  be Independent o f  speed r a t l o  o f  magni tude change I n  

and probe temperature.  The exper imenta l  evidence argues s t r o n g l y  f o r  t h i s  

p2 ' 
Re2(&)' 

assumption i n  cases where t h e  probe temperature Is h e l d  equal  t o  the f r e e  

s t ream t o t a l  temperature.  However, i n  cases where the  probe temperature Is 

l e s s  than steam t o t a  1 temperature,  t h e r e  a r e  equa 1 l y  s t r o n g  I n d i c a t i o n s  o f  

a non-monotonic response c h a r a c t e r i z e d  by undershoot ing the f ree -mo lecu le  

l e v e l .  Whi le  t h i s  l a t t e r  s i t u a t i o n  w i  1 1  most assu red ly  p r e v a i l  I n  a c t u a l  

f l i g h t  measurements where t h e  probe will be h e l d  a t  a f i x e d  temperature 

compa t ib le  w i t h  I t s  a s s o c i a t e d  Ins t rumen ta t i on ,  t he  monotonic response func- 

t i o n  w l l l  be used f o r  purposes o f  l l l u s t r a t l o n  and t h e  changes I n  the  pro- 

cedure necessary f o r  t he  accommodatIcn o f  probe c o o l i n g  e f f e c t s  w l l l  be 

I n d l  ca ted.  

I f  the  response f u n c t i o n  Is represented by "Ft8 t hen  
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Normal i z ing  a l l  pressures w i t h  pU2 

s t ream and rea r r a n g i  ng 

, the momentum f l u x  o f  the  ambtent 

The free-molecule response was g iven I n  Eq. ( 2 7 )  The free-molecule response was g iven i n  Eq. ( 2 7 )  

where S i s  def ined:  
m 

U I 

The continuum response, o r  Rayle igh pressure ,  i s  g iven  

I 

2 yM2 
PA 

40 

where S i s  def ined:  
m 

The continuum response, o r  Rayle igh pressure ,  i s  g iven  

I 

2 yM2 
PA 

40 

(33) 

(34) 

. 



and for Y = 7 / 5  and Mach numbers g rea te r  than 1.5 the  exprcrrlon can 

be slmpllfled to 

Y 

I I 

= 0.91 [ I + --I 2 7 ~ 2  = 0.91 [ I  4- -731 
P U 2  

2 
There fore  the r a t i o  o f  measured pressure t o  p U  i n  the t r a n s i t i o n a l  flow 

regime i s  g lven  below 

- =0.91 [ I +- as] + [ 2J& Sm -0.91 ( I + &)I F[ R O 2 ( g y ]  
P U 2  

F i g u r e  13 shows t y p i c a l  v a r i a t i o n s  o f  t h i s  r a t i o  f o r  cons tan t  va lues of 

S us ing  the response f u n c t i o n  F [ Re (-)' :: '1 , taken from F igu re  5 f o r  m 

the  probe Ser les A geometry. 

c 

I t  i s  now 

o u t  undue comp 

values f o r  the 

n o t  be d i f f l c u  

ev ident  t h a t  probe c o o l i n g  e f f e c t s  can be i n t roduced  w l t h -  

l c a t i o n  i f  the data a r e  o rgan lzed I n  terms o f  cons tan t  

pa rame t e  r 

t t o  manage i n  the wind tunnel  because U Is n e a r l y  equa 

2 
t h a t  I s  Tm/U = constant .  Th is  would 

'm 9 

2 

t o  the f r e e  stream t o t a l  temperature f o r  Mach numbers g rea te r  than 3 or 4. 

I n  t h l s  case, the f u n c t i o n  F would depend on Sm 

and a new s e t  o f  p l o t s  s lml  l a r  t o  those I n  F igu re  I3 would be generated. 

as well as Re (-) p2 * 
2 4 n  
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The advantage o f  o r g a n i z i n g  t h e  da ta  I n  t h i s  form i s  t h a t  t he  parameter 

I f  a succession o f  d e n s i t y  measurements a r e  made o v e r  ascending or 

I descending t r a j e c t o r i e s  such as IS the case f o r  sounding probes and s a t e l l l t e  

i s  known d i r e c t l y  from t h e  f l i g h t  measurements. 
'm 

The o t h e r  two independent v a r i a b l e s ,  1 ' 9 1  and Re2(%)* cannot 

be known d i r e c t l y  and i t  w i l l  be necessary t o  make p r o v i s i o n a l  es t ima tes  

I 

f rom values o f  densi  t y  and temperature g i ven  i n  the s tandard atmosphere 

f a  b 1 e s . 
stream Knudsen number b u t  o n l y  weakly dependent on speed r a t i o  and ambient 

1 s d i  r e c t  l y  p r o p o r t  iona 1 t o  f r e e  p2 3 - 1  F o r t  u na t e 1 y , Re (G) 

temperature. (See F i g u r e  14). The' o t h e r  speed r a t i o  dependent f u n c t l o n  

1 + -  I s  a l s o  o f  l i t t l e  s i g n i f i c a n c e  f o r  speed r a t i o s  g r e a t e r  than 

1.5. F o r  example, a 10% e r r o r  i n  e s t i m a t i n g  ambient temperature f o r  the 

c a l c u l a t i o n  o f  speed r a t i o  y i e l d s  e r r o r s  i n  1 + - ' of  o n l y  a t  

speed r a t i o  1.5 and 0.3% e r r o r  a t  speed r a t i o  3. 

2 4s 

2 4s 

S i m i l a r l y ,  F i g u r e  12 shows the p r o b a b i l i t y  f u n c t i o n  W used i n  the  

t o  be l i t t l e  a f f e c t e d  by speed r a t i o  f o r  smal l  a p e r t u r e  &d 'm e v a l u a t i o n  o f  

and thus again i n s e n s i t i v e  t o  the es t ima te  o f  ambient temperature,  

The dens1 t y  i s  thus determined f rom measurements o f  Impact pressure 

and f l i g h t  v e l o c i t y ,  p r o v i s i o n a l  es t ima tes  o f  d e n s i t y  and temperature and 

an 1 t e r a t i v e  procedure u s i n g  Eq.  (36) which w i  1 1  g i v e  s u c c e s s i v e l y  improved 

c a l c u l a t i o n s  o f  d e n s i t y  and the  parameter R e 2 ( g ) '  . Ambient tempera- 

t u r e  can a l s o  be drawn i n t o  the  i t e r a t i o n  by the  procedure o u t l i n e d  below. 

D. Deterrninat lon o f  RT f r o m  Dens1 t y  P ro f1  l e  Measurements 

42 
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boosters ,  the r a t e  o f  v a r i a t i o n  of d e n s l t y  w i t h  a l t l t u d c  g l v e s  a measure 

o f  atmospher ic  s p e c i f i c  energy, The r e l a t I o n s h l p  I S  d c r l v c d  
m 

f r o m  t h e  s tatement  o f  equl  llbrlum o f  forces a c t l n g  on an e lementa l  volume: 

T = RT . 

R e w r l t l n g  t h l s  equa t lon  i n  t e r m s  o f  RT g ives  the r e q u i r e d  r e l a t i o n s h l p :  

denp 
dH RT = - [ Q + % =  

. 

Values o f  RT a l t l t u d e  g rad ien ts  a r e  used f rom the s tandard  atmosphere 

t a b l e s  f o r  the in1 t i a l  t r l a l  c a l c u l a t l o n  and success lve Improvements a r e  

d e r i v e d  f rom an i t e r a t l v e  procedure. 

A more d i r e c t  de te rm lna t lon  o f  RT is f e a s i b l e  I n  the  f r e e  molecu le  

regime where the i n t e r r e l a t l o n s h l p  between the e f f e c t s  o f  I n t e r n a l  geometry 

and speed r a t i o  can be e x p l o i t e d .  R e f e r r i n g  a g a l n  to F i g u r e  lS, I t  1 s  seen 

t h a t  I f s lmu l  taneous measurements a r e  made w i  th probes whlch a r e  f d e n t l c a l  

i n  eve ry  respec t  except  f o r  ape r tu re  l e n g t h  d iameter  r a t l o ,  then the  r a t l o  

o f  t h e i r  l n d l v l d u a l  response l e v e l s  1 s  a monotonlc function of speed r a t l o .  

Thus i f  t h e  probe v e l o c i t y  Is known, va lues of RT can be computed d i r e c t l y  

a l o n g  the  t r a j e c t o r y  from the measured speed r a t l o .  Th is  method Is p a r t l -  

c u i a r i y  a t t r a c t i v e  ai. a i i . i t u d e s  abuve SO K wkieie i a i y e  Ltiaptiature g r e d i e n t j  



make the RT d e t e r m i n a t l o n  f rom d e n s i t y  p r o f i l e s ,  desc r ibed  above, more 

d i f f i c u l t .  I t  IS w e l l  to  note, however, t h a t  t he  a t t l  tude of t h e  probe 

would have to be c a r e f u l l y  c o n t r o l l e d  t o  a v o i d  the degradlng e f f e c t s  of 

a n g l e  o f  a t t a c k .  

. 

V .  Concludtng Remarks 

The i n v e s t i g a t i o n s  w l i l c l ~  i,ave been desc r ibed  ac i eved  t : , ree essen- 

t i a l  r e s u l t s .  F i r s t ,  the exper imenta l  response c t i a r a c t e r i s t l c s  of  

s e v e r a l  Impact probe c v n f i g u r a t l o n s  were determined Jver n e a r l y  the  f u l l  

i n t e r v a l  o f  t r a n s i t i o n  bet;qeen tt le f ree-molecule and cont inuum f l o w  

regimes and ove r  a wide range o f  Macti numbers. Tl,e c o n f i g u r a t l d n s  were 

designed t o  d i s t i n g u i s l i  b e b e e n  i n t e r n a l  and e x t e r n a l  t r a n s i t i o n  e f f e c t s  

and the r e s u l t s  siiow a p ro found  i n f l u e n c e  o f  bcittl Mac11 nbmber and probe 

a p e r t u r e  l eng th  on the  e x t e n t  o f  t l ie  t r a n s i t i o n  i n t e r v a l .  The r e s u l t s  

a l s o  i n d i c a t e  t h a t  t h e  t r a n s l t i o n  i n t e r v a l  can be m in im ized  t o  about two 

o r d e r s  o f  magnitude i n  Knudsen number by employ ing probes wl t h  ve ry  s l i c r t  

a p e r t u r e  lengths and l a r g e  c a v l t y  dimensions r e l a t l v e  t o  the a p e r t u r e  

d I arne t e  r . 
Secondly, a theo ry  based on a " f l r s t  c o l l i s i o n "  m o d i f f c a t l o n  t o  t h e  

f ree-molecule model was developed which accounted f o r  much o f  t h e  e x p e r l -  

m e n t a l l y  observed I n t e r n a l  and e x t e r n a l  probe c l i a r a c t e r i s t l c s .  The f r e e -  

molecule theory was also extended t o  probe geometr les whlch l a c k  the 

i d e a l i z e d  slmple a p e r t u r e  and l a r g e  c a v l  t y  c o n f l g u r a t l o n  p r e v l o u s l y  
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t r e a t e d  by o t h e r  I n v e s t l g a t o r s .  

F l n a l l y ,  the  techntques f o r  app ly lng  the impact p r o b e . t o  the  c a l l -  

b r a t l o n  o f  l o w  d e n s l t y  wind tunne l  nozz les and t o  f l i g h t  measurements In 

the  t r a n s l t i o n a l  Knudsen number reglme were developed and dlscussea. The 

former i nvo l ves  a s t r a i g h t  f o rward  separa t ion  o f  nozz le  v lscous e f f e c t s  

f rom probe e f f e c t s  i n  the t r a n s i t i o n  regime and can be e a s i l y  accompl ished 

by employing a s e t  of g e o m e t r l c a l l y  s i m i l a r  probes whlch a r e  r e l a t l v e l y  

i nsens i t i  ve t o  Mach number changes. 

t u r e  lengths and l a r g e  c a v l t y  dtameters meet the  l a t t e r  requirement and 

the general  procedure i s  i l l u s t r a t e d  i n  Sec t ion  I I  E. 

I 

T 

Probe conf  i gura t l ons  w i  th  s h o r t  aper-  

A p p l i c a t i o n  of the impact probe t o  f l i g h t  measurements Is more 

ted ious  and depends upon the o t h e r  measurements which a r e  ava l  l a b l e .  

Sec t ion  I V  t r e a t s  the case f o r  t h e  d e t e r m i n a t i o n  o f  a t m s p h e r t c  dens1 t y  

when the probe 's  speed, a l t i t u d e  and temperature a r e  known, toge the r  

w i t h  the measured impact pressure and a predetermined probe c a l l b r a t i o n .  

There a r e  severa l  aspects o f  the i n v e s t i g a t i o n  i n  whlch the r e s u l t s  

were I n d e c i s i v e  and incomplete.  The most n o t a b l e  o f  these a r e  the e x t e n t  

t o  whlch the  theory  was a p p l i e d  t o  the exper imenta l  data, the  exper lmenta l  

e f f e c t s  and t h e o r e t i c a l  e f f e c t s  o f  probe c o o l i n g ,  and a d e c i s i v e  e x p e r l -  

menta l  demonstrat ion o f  f ree-molecule c o n d i t i o n s  f o r  the  probe. I t  was 

an u n f o r t u n a t e  c i rcumstance o f  the  program t h a t  the development o f  the  

theo ry  i n  i t s  f l n a l  and m o s t  p romis lng  form came too  l a t e  t o  I n f l u e n c e  

t h e  course o f  the  exper iments o r  t o  pe rm i t  even the l a r g e  number o f  ca lcu-  

l a t i o n s  necessary t o  compare I t  w i t h  a l l  o f  the  measured data.  The most 

In tense  ? n t e r e s *  n e t c r a ! ! y  centers  ercund the prsbt cso!!ng dste because 

o f  the  unexp la lned undershoot lng  e f f e c t  and I t s  d i r e c t  a p p l l c a t l o n  t o  

f 1 I gh t measurement. 



An e q u a l l y  i n c o n c l u s i v e  s t a t e  o f  a f f a i r s  e x i s t s  rega rd lng  t h e  ex- 

per imen ta l  achievement o f  f ree-molecule c o n d i t i o n s .  I n  sp l  t e  of the 

f a c t  t h a t  Knudsen numbers approaching and exceeding t e n  were achieved 

w i t h  the Ser ies A probes a t  Mach number 1, 3 and 6, and t h a t  t h e  co r re -  

sponding response l e v e l s  were w i  t h i n  a f e w  pe rcen t  o f  t h e o r e t i c a l  f r e e -  

molecule values, t he  exper imenta l  data showed l i t t l e  i n d i c a t i o n  o f  

a s y m p t o t i c a l l y  approaching the f ree-molecule l e v e l .  I t  would appear 

t h a t  new exper iments designed to  produce Knudsen numbers o f  a t  l e a s t  30 

w i  1 1  be necessary t o  complete the  t r a n s i t i o n  i n t e r v a l  f o r  s h o r t  a p e r t u r e  

probes. Such exper iments a r e  f e a s i b l e  i n  the  P o i n t  Mugu H y p e r a i t l t u d e  

Faci  I i t y  u s i n g  a l a r g e r  nozz le  and a more e f f i c i e n t  d i f fuser-cryopump 

con f i gura t i on. 

8 
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Figure  6a .  Series B Impact Probe i / d  E f f e c t s ,  Mach No. 1 .  
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Figure 6d. Series  B Impact Probe l / d  E f f e c t s ,  Mach No. 10. 
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. . 

Figure  I l a .  V a r i a t i o n  of  Pressure Rise Across 
a Tube With  L/D. S o l i d  Curve: 
Numerical Apprssch of de ieeuw 
and Rothe ( 1962) ; Dashed Curve 
Eq. (17).  
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