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TECHNICAL MEMORANDUM X-5 3410 

STUDY OF POROUS WALL LOW DENSITY WIND TUNNEL DIFFUSERS 

K .  W. Rogers, A. I. Lindsay and M. R .  Bot tor f f  

ABSTRACT 

A t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n  w a s  made of  a porous 
w a l l  d i f f u s e r  used with a low dens i ty  hypersonic nozzle .  The Reynolds 
number range of  the  experiment var ied  from 1000 to 20,000 based on the  
nozzle  diameter .  A t  the  low Reynolds numbers, nea r ly  a l l  of the  flow 
passed through the pores of t he  d i f f u s e r .  A t  t he  higher  Reynolds num- 
bers, 70 t o  85 percent  of  the flow passed through the  t h r o a t  of t he  
d i f f u s e r .  The measured pressure  recover ies  var ied  from 1 t o  10 times 
the  t e s t  s e c t i o n  normal shock pressure.  When models were introduced 
i n t o  the  t e s t  s e c t i o n  stream, the  mass flow and pressure  recovery of  
t he  d i f f u s e r  were markedly reduced. 
t h e  flow through the  porous w a l l  appears i n c o r r e c t ,  t he  t h e o r e t i c a l  and 
experimental  p ressure  recover ies  and mass flows were i n  good agreement. 

Although the  model used t o  desc r ibe  
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TECHNICAL MEMORANDUM X-53410 

STUDY OF POROUS WALL LOW DENSITY WIND TUNNEL DIFF’USERS 

SUMMARY 

I 

A t h e o r e t i c a l  and experimental i n v e s t i g a t i o n  w a s  made of a porous 
w a l l  d i f f u s e r  used wi th  a low dens i ty  hypersonic  nozzle .  The Reynolds 
number range of t he  experiment var ied  from 1000 t o  20,000 based on t h e  
nozzle  diameter.  A t  the  low Reynolds numbers, nea r ly  a l l  of t he  flow 
passed through the  pores of the d i f fuse r .  A t  t he  h igher  Reynolds num- 
b e r s ,  70 t o  85 percent  of t h e  flow passed through the  t h r o a t  of the  d i f -  
f u s e r .  The measured pressure  recover ies  va r i ed  from 1 t o  10 t i m e s  the 
t e s t  s e c t i o n  normal shock pressure.  When models were introduced i n t o .  
t h e  t e s t  s e c t i o n  stream, the  mass flow and p res su re  recovery of t h e  
d i f f u s e r  were markedly reduced. 
f low through the  porous w a l l  appears i n c o r r e c t ,  the  t h e o r e t i c a l  and 
experimental  p ressure  r ecove r i e s  and mass flows were i n  good agreement. 

Although the  model useb t o  desc r ibe  the  

I. INTRODUCTION 

The near - f ree  molecular flow regime r ep resen t s  a low dens i ty  flow 
regime of g r e a t  p r a c t i c a l  i n t e r e s t .  I n  t h i s  regime, the flow about a 
body is determined by the  charac te r  of both in te rmolecular  c o l l i s i o n s  
and molecule-wall c o l l i s i o n s .  The r e l a t i v e  importance of these  two 
types of c o l l i s i o n s  is p r i m a r i l y  dependent upon the Knudsen number (Kn) 
which is  t h e  r a t i o  of the  mean f r e e  pa th  t o  the  p e r t i n e n t  t e s t  o b j e c t  
dimension. A s  t he  Knudsen number increases ,  a smaller f r a c t i o n  of 
molecules tnaL r e h G i i 2  5r -z  + h ~  Pest  o b j e c t  w i l l  c o l l i d e  wi th  molecules 
t h a t  a r e  proceeding t o  the tes t  o b j e c t ,  so the incoming sI;reaul G: z z l c -  
cu le s  becomes l e s s  and l e s s  dependent upon the  t e s t  ob jec t .  I n  t h e  
l i m i t  Kn + 00, the  incoming stream i s  independent of the  t e s t  o b j e c t ,  and 
t h e  flow i s  completely f r e e  molecular.  

To i n v e s t i g a t e  t h i s  flow regime experimental ly ,  it is  necessary t o  
provide a f a c i l i t y  capable of producing a range of mean f r e e  paths  t h a t  
a r e  g r e a t e r  than and l e s s  than the t e s t  o b j e c t  dimensions. Since the  
t y p i c a l  low dens i ty  hypersonic boundary l a y e r  is one or  two o rde r s  of 
magnitude g r e a t e r  than the  mean f r e e  path,  it is  necessary t h a t  the  wind  
tunnel  be two or  t h ree  o rde r s  of magnitude l a r g e r  than the t e s t  o b j e c t  t o  
o b t a i n  r e l i a b l e  r e s u l t s  a t  high Knudsen numbers. Because of t h i s  l a r g e  
r a t i o ,  the wind tunnel  must be l a r g e  even f o r  models wi th  dimensions as 
small as one inch,  
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This requirement f o r  a l a r g e  tunnel  diameter means t h a t  the  tunnel  
pumping system must a l s o  be l a r g e  i n  terms of volume flow. This resu l t s  
from the  la rge  phys ica l  s i z e  of the tunnel  and t h e  presence of t he  low 
momentum flow i n  the boundary l aye r .  I n  a t y p i c a l  l o w  dens i ty  d i f f u s e r ,  
the  r e l a t i v e l y  t h i c k  boundary l aye r  prevents  the  a t ta inment  of any s i g n i -  
f i c a n t  pressure recovery i n  terms of the t e s t  s e c t i o n  normal shock pres-  
s u r e  recovery through a d i f f u s e r .  

Bot tor f f  and Rogers (1963) showed t h a t  a nozzle  wi th  porous w a l l s  
could be used t o  provide some con t ro l  of the boundary l a y e r  he ight  through 
boundary layer  suc t ion .  It was  found t h a t  the  boundary l aye r  s u c t i o n  
reduced the th ickness  of the boundary l aye r  and t h e r e f o r e  allowed a reduc- 
t i o n  of the phys ica l  s i z e  of the  nozzle f o r  s p e c i f i e d  t e s t  s e c t i o n  condi- 
t ions . 

Previously prel iminary experiments by Rogers (1962) showed that a 
porous nozzle a n d  a porous d i f f u s e r  could be used t o  ob ta in  pressure  
recovery i n  excess of t e s t  s e c t i o n  normal shock p res su re  recovery.  Since 
these  l eve l s  of pressure  recovery would permit one o r  two orders  of magni- 
tude reduct ion  i n  the  pumping speed requirement f o r  a low dens i ty  wind 
tunnel ,  i t  appeared t h a t  t h i s  approach might make i t  economically f e a s i b l e  
t o  develop l a rge  low dens i ty  f a c i l i t i e s ,  The p resen t  r e p o r t  is  a s tudy  
of the  opera t iona l  c h a r a c t e r i s t i c s  of porous w a l l  low d e n s i t y  d i f f u s e r s  
when operated wi th  a low d e n s i t y  wind tunnel  i n  t h e  Reynolds number range 
of io3 t o  1 . 2  x io4. 

11. THEORETICAL CONSIDEKATIONS OF DIFFUSER PERFORMANCE 

A. Nonporous Nozzle and Dif fuser  Walls 

I n  the typ ica l  ope ra t ion  of a supersonic  wind tunnel  (Figure l ) ,  
a i r  is  expanded from the  nozzle  t h r o a t  ( S t a t i o n  JC) t o  t he  t e s t  s e c t i o n  
( S t a t i o n  1) and compressed from the  tes t  s e c t i o n  t o  the  d i f f u s e r  t h r o a t  
( S t a t i o n  2). 
between the  nozzle t h r o a t  and the d i f f u s e r  t h r o a t  were completely i sen-  
t r o p i c ,  i t  would be poss ib l e  t o  compress the  flow t o  t h e  s o n i c  cond i t ion  
a t  the  d i f f u s e r  t h roa t .  Assuming the flow was a d i a b a t i c ,  t he  d i f f u s e r  
t h r o a t  would be the same s i z e  as t h e  nozzle  t h r o a t .  There would be  no 
l o s s  i n  s tagnat ion  pressure  through the  wind tunne l ,  and t h i s  condi t ion  
would have the minimum poss ib l e  pumping requirements .  I n  p r a c t i c e ,  t he  
flow is never i s e n t r o p i c  between the  nozzle t h r o a t  and t h e  d i f f u s e r  t h r o a t ,  
and f requent ly  i t  is  not  a d i a b a t i c .  
are  the  two main phenomena t h a t  prevent  the  flow from being i s e n t r o p i c .  

The flow becomes subsonic a t  S t a t i o n  3.  I f  the  flow 

Boundary l a y e r  flows and shock waves 
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The decrease i n  s t a g n a t i o n  p res su re  r e s u l t i n g  from the nonisen- 
t r o p i c  flow requ i r e s  t h a t  the  d i f f u s e r  t h r o a t  be l a r g e r  than the  nozzle  
t h r o a t .  From the  o ther  viewpoint,  the  maximum a t t a i n a b l e  area r a t i o  
between the  nozzle  t h r o a t  and the  d i f f u s e r  t h r o a t  can be  used as a 
measure of t he  s t agna t ion  pressure  loss between the  two t h r o a t s .  Assum- 
ing t h a t  the flow a t  each t h r o a t  i s  uniform and one-dimensional, t he  con- 
t i n u i t y  equat ion can be used t o  develop the  r e l a t i o n s h i p  between the  
t h r o a t  condi t ions .  The p resen t  development is s i m p l i f i e d  by consider ing 
the  case of a nozzle and a d i f f u s e r  having s o l i d  w a l l s  s o  t h a t  mass flow 
en te r ing  the  nozzle t h r o a t  must pass through the  d i f f u s e r  t h roa t :  

b u t  

Therefore ,  neglec t ing  poss ib l e  changes i n  y and R, 

1 + + M 2  1 2  

- = -  
y+l 

2 
L -1 

1 - 
M 2  

The term (A/A,). is  the area r a t i o  a s soc ia t ed  w i t h  M2. 

The maximum a t t a i n a b l e  va lue  of A*/A2 corresponds t o  choking, so 
that  M~ = 1 and 
i s  g iven  by 

= 1. In t h i s  l i m i t i n g  case, the  pressure  recovery 
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pT 
- = -  

A 2  T2 * * 

I f  the  flow i s  a d i a b a t i c ,  TT, = T~*?and the p re s su re  recovery a t  a choked 
d i f f u s e r  t h r o a t  is  d i r e c t l y  propor t iona l  t o  the  a r e a  r a t i o  between the  
nozzle th roa t  and the  d i f f u s e r  t h roa t .  

The r e s u l t  corresponds t o  the  minimum pres su re  recovery t h a t  can 
be obtained a t  the s p e c i f i e d  a r e a  r a t i o .  This fol lows from the  f a c t  t h a t  
the  s o n i c  condi t ion corresponds t o  the  maximum mass flow per  u n i t  a r ea .  
Therefore,  with a f ixed  a r e a  r a t i o ,  a r educ t ion  i n  p re s su re  recovery would 
have t o  be accompanied by a reduct ion  i n  mass flow. Since the m a s s  flow 
is f ixed  by the con t inu i ty  equat ion,  i t  is not  poss ib l e  t o  have a p re s su re  
recovery a t  the t h r o a t  l e s s  than t h a t  g iven  by equat ion  (5). There may be 
s i g n i f i c a n t  l o s ses  downstream of the  t h r o a t ,  s o  t h a t  t he  o v e r a l l  p re s su re  
recovery (PT /PT ) may be below t h a t  given i n  equat ion  (5). This is i l l u s -  
t r a t e d  i n  Figure 2,  which compares the r e s u l t s  of equat ion (5) w i t h  the  
experimental  r e s u l t s  repor ted  by Johnston and Witcofsk i  (1960). The 
experimental  p ressure  recovery exceeds the  t h e o r e t i c a l  va lue  f o r  smaller 
values  of a r ea  r a t i o  A,/A2, b u t  as the maximum experimental  va lues  of 
A*/A2 a r e  approached, the experimental  p ressure  r ecove r i e s  f a l l  below the  
t h e o r e t i c a l  ones. This is  the r e s u l t  of l o s ses  downstream of the  d i f f u s e r  
t h r o a t  s e c t i o n  . 

3 *  

Figure 2 a l s o  emphasizes t h a t  exper imenta l ly  the  po in t  of maxi- 
mum pressure  recovery does not  correspond t o  a choked t h r o a t .  This 
follows from the p r i o r  argument t h a t  the  maximum mass flow per  u n i t  area 
corresponds t o  the  choking poin t .  Cont rac t ion  beyond t h i s  choking po in t  
combined wi th  decreasing pressure  recovery is n o t  poss ib l e  wi thout  corre-  
sponding decrease i n  mass flow. Since the  mass flow was cpns t an t  during 
the  experiments, i t  follows t h a t  the  t h r o a t  was not  s o n i c  a t  t he  maximum 
pressure  recovery po in t .  

While the  a n a l y s i s  based on a son ic  d i f f u s e r  t h r o a t  i s  no t  v a l i d  
i n  ca l cu la t ing  the  o v e r a l l  p ressure  recovery,  it is use fu l  i n  e s t a b l i s h i n g  
the minimum pressure recovery that can e x i s t  a t  t he  d i f f u s e r  t h r o a t .  It 
is  a l s o  poss ib le  t o  use the one-dimensional a n a l y s i s  t o  e s t a b l i s h  the 
maximum pressure  recovery t h a t  can be obtained f o r  a s p e c i f i e d  a r e a  r a t i o  
between the  nozzle t h r o a t  and the d i f f u s e r  t h r o a t .  This is  done by assum- 
ing t h a t  the  flow i s  i s e n t r o p i c  between the  two t h r o a t s .  I n  t h i s  case ,  
the flow en te r s  t he  d i f f u s e r  t h r o a t  a t  a supe r son ic  v e l o c i t y ,  and the  
idea l ized  pressure recovery w i l l  be t h a t  a s s o c i a t e d  w i t h  a normal shock 
a t  t h i s  supersonic d i f f u s e r  t h r o a t  Mach number. It can be seen t h a t  t h i s  
is the maximum poss ib l e  pressure  recovery f o r  the  s p e c i f i e d  a r e a  r a t i o  by 
observing t h a t ,  while  any cons idera t ion  of boundary l a y e r  displacement 

4 



e f f e c t s  tends t o  reduce the  Mach number, and the re fo re  the  shock l o s s e s  
assoc ia ted  wi th  the  flow, the  viscous l o s s e s  a s soc ia t ed  wi th  the  boundary 
l aye r  growth are g r e a t e r  than the b e n e f i t  r e s u l t i n g  from the  lower Mach 
number. 

Equation ( 4 )  can be used t o  c a l c u l a t e  the maximum poss ib l e  pres- 

I n  the l i m i t i n g  case  of a very  h igh  Mach number 
su re  recovery.  
normal shock wave. 
upstream of the normal shock, the downstream Mach number becomes 

I n  the  equat ion,  M, is  the  Mach number downstream of the  

- 5 0 0 .  M ~ p s  tream 

When equat ion (6) i s  s u b s t i t u t e d  i n t o  equat ion ( 4 )  and the  r e s u l t s  evalu- 
a t e d  f o r  y = 1.4, 

'* 
While t h i s  equat ion  is  based on the assumption of a very  h igh  incoming 
Mach number, i t  is w i t h i n  10 percent  f o r  t h r o a t  Mach numbers down t o  
M = 4.2. Now equations (5) and (7) r ep resen t  two l i m i t i n g  s e t s  of assump- 
t i o n s .  Equation (5) is  based on the assumption t h a t  t h e  s t agna t ion  pres-  
s u r e  l o s s e s  a r e  such t h a t  the  d i f f u s e r  t h r o a t  is choked and the re fo re  
r e p r e s e n t s  the  minimum pressure  recovery t h a t  can occur a t  t h a t  t h r o a t  
a r e a  r a t i o  and temperature r a t i o .  Since equat ion (7) i s  based on the  
assumption that  the  s t agna t ion  pressure is cons tan t  t o  the d i f f u s e r  t h r o a t  
where the  flow becomes subsonic  through a normal shock, i t  rep resen t s  t he  
llL4AAL,ru... p r e s s i i r e  recovery t h a t  can occur a t  t h a t  t h r o a t  area and tempera- 
t u r e  r a t i o .  Since equat ions ( 5 )  and ( I )  '-' U L L ~ ~ ~  *'cc-- --1li  "..-, hy the  f a c t o r  1 -65 ,  
i t  is c l e a r  t h a t  the  pressure  recovery is e s s e n t i a l l y  e s t ab l i shed  by the  
t h r o a t  area r a t i o  and the temperature r a t i o ,  and i s  independent of t h e  
processes  between the  two th roa t s .  The processes  between the  two t h r o a t s  
w i l l  of course determine the  poss ib le  t h r o a t  a r e a  r a t i o  and temperature 
r a t i o ,  b u t  t he  s i g n i f i c a n t  po in t  is t h a t  i f  t he  l i m i t i n g  va lues  of t h r o a t  
area r a t i o  and temperature r a t i o  a r e  e s t ab l i shed ,  the maximum t h r o a t  pres- 
s u r e  recovery must f a l l  w i th in  the rande of equat ions (5) and (7) .  It is 
t o  be emphasized t h a t  the minimum measured pressure  recovery may be below 
t h e  l i m i t s  e s t ab l i shed  by equation (5). This is due t o  l o s s e s  occurr ing 
downstream of the  th roa t .  

-----:,..- 
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B. Porous Wall Nozzle and Dif fuser  

It i s  necessary t o  determine the  e f f e c t  of the  flow through the  
porous w a l l s  when ca l cu la t ing  the  pressure  recovery of a system having 
porous w a l l s .  Since both the nozzle  and d i f f u s e r  w a l l s  may be porous, 
the  decrease i n  mass flow between the nozzle t h r o a t  and the d i f f u s e r  
t h r o a t  must be considered i n  de r iv ing  the  porous w a l l  counterpar t s  of 
equat ions (5) and (7) .  

I f  the mass flow through the d i f f u s e r  t h r o a t  is l e s s  than the  
mass flow through the  nozzle t h r o a t ,  equat ion (1) can be r e w r i t t e n  

This i s  the only change due t o  the  suc t ion .  The porous w a l l  counterpar t s  
of equations (5) and (7) become equat ions (9) and ( l o ) ,  r e s p e c t i v e l y ,  

Thus, equations (9) and (10) are j u s t  equat ions (5) and (7) m u l t i p l i e d  
by &.I&*. 

To u s e  these  equat ions i n  c a l c u l a t i n g  the  l i m i t s  on pressure  
recovery as a func t ion  of area r a t i o ,  i t  is necessary t o  determine the  
v a r i a t i o n  of fi2/fi* and TT,/TT* w i t h  a r e a  r a t i o .  

The term h2/&* can be obtained i f  t he  s u c t i o n  flow through t h e  
porous w a l l  can be determined. 

s u c t i o n  ril 
& =  1 -  
If?k fi* 
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The temperature r a t i o  TT2/TT* cannot be determined i n  such a 
d i r e c t  manner. However, s i n c e  the  pressure recovery v a r i e s  as the 
temperature r a t i o  t o  the  one-half power, the  accuracy of the  temperature 
r a t i o  is  less s i g n i f i c a n t  than the  accuracy of t h e  mass flow r a t i o .  The 
temperature r a t i o  can be est imated from the  h e a t  t r a n s f e r  t o  the wal ls  of 
t he  nozzle and the d i f f u s e r  by the  following h e a t  balance.  

Heat I n  Heat t r a n s f e r r e d  t o  w a l l  Heat c a r r i e d  through 
porous w a l l  

Heat p a s s i n g  through 
d i f f u s e r  t h roa t  

This w i l l  be s impl i f i ed  by the following assumptions: 

(1) The Prandt l  number is u n i t y  s o  t h a t  TT = 

(2) the  w a l l  temperature i s  cons tan t  T 

(3)  the  gas leaves  the porous w a l l  a t  t h e  w a l l  temperature 

* Tad iaba t i c  w a l l '  

and - 
w a l l  = Tw' 

- - - 
s o  that Tsuction T w a l l  = 

Using these  assumptions,  t he  temperature r a t i o  becomes 

r 
(13)  

1 T~ A* r T 
- -  - 

11 - (l - * ) m ~  JihdA - (1 - c) Tw] . 
T* * ' A  

T 2 
T* 

To so lve  t h i s ,  i t  is  necessary to determine the  h e a t  t r a n s f e r  c o e f f i c i e n t  
(h) 
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The Reynolds analogy c h  = KCf can be appl ied  t o  the p re sen t  
a n a l y s i s .  I f  t he  e f f e c t  of pressure  g rad ien t  is  neglec ted ,  the con- 
s t a n t  K i s  equal  t o  one-half fo r  a suc t ion  boundary l aye r  as wel l  as 
f o r  a nonsuction boundary l aye r .  
p ressure  g rad ien t  i s  small as f a r  as the flow p rope r t i e s  a r e  concerned; 
thus ,  t h i s  e f f e c t  w i l l  be ignored i n  ca l cu la t ing  the  h e a t  t r a n s f e r  r a t e  

As w i l l  be seen l a t e r ,  the  e f f e c t  of 

The v a r i a t i o n  of pressure  recovery wi th  a r e a  r a t i o  can now be 
est imated i f  the l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  and the t o t a l  mass flow 
through the pores can be determined. Bo t to r f f  and Rogers (1963) pre- 
sented a technique f o r  c a l c u l a t i n g  the flow p r o p e r t i e s  i n  a porous 
laminar flow nozzle. This technique used an i t e r a t i v e  procedure which 
s a t i s f i e d  the momentum and con t inu i ty  equat ion a t  each s t a t i o n  i n  the  
nozzle.  The energy equat ion was  incorporated by assuming a Prandt l  
number of uni ty  and using the  Crocco i n t e g r a l  r e l a t i o n s h i p  t o  r e l a t e  
momentum and energy (Crocco, 1948). The l o c a l  boundary l aye r  charac- 
t e r i s t i c s  were determined from the  s u c t i o n  boundary l a y e r  c a l c u l a t i o n s  
of I g l i s c h  (1949) modified t o  inc lude  the  e f f e c t s  of hea t  t r a n s f e r ,  com- 
p r e s s i b i l i t y ,  and axisymmetric boundaries.  These c h a r a c t e r i s t i c s  were 
used t o  ca l cu la t e  the  w a l l  shear ing  s t r e s s ,  the  momentum th ickness ,  the  
displacement thickness  , and the  he igh t  of the  boundary l aye r .  

The flow through the  pores was es t imated by assuming t h a t  t he  
pores were connected t o  a r e s e r v o i r  conta in ing  a gas a t  uniform condi- 
t i ons .  The s t agna t ion  pressure  f o r  t he  r e s e r v o i r  gas was assumed equal  
t o  the  loca l  s t a t i c  pressure  i n  the nozz le ,  and the  s t a g n a t i o n  tempera- 
t u r e  of the  r e s e r v o i r  gas w a s  assumed equal t o  the nozzle  w a l l  tempera- 
t u re .  The e f f e c t  of pore L/D and Reynolds number was included i n  the  
c a l c u l a t i o n  of the pore mass flow. Since t h i s  approach provides the  
flow c h a r a c t e r i s t i c s  necessary t o  c a l c u l a t e  h2/&+; and T T ~ / T T + ;  i n  the 
nozz le ,  t he  computer program w a s  modified t o  inc lude  the  c a l c u l a t i o n  of 
t he  flow in to  the d i f f u s e r .  

C . Sta r t ing  Limi ta t ions  

Since the pressure  recovery is  d i r e c t l y  p ropor t iona l  t o  the 
r a t i o  of t he  nozzle t h r o a t  a r e a  t o  the d i f f u s e r  t h r o a t  a r e a ,  i t  i s  
important t o  be ab le  t o  e s t a b l i s h  a l a r g e  va lue  of t h i s  r a t i o .  I n  a 
s o l i d  w a l l  d i f f u s e r ,  the  va lue  of t h i s  r a t i o  i s  l i m i t e d  by the  s t a r t i n g  
process .  During the s t a r t i n g  of a supersonic  nozz le ,  t h e  shock waves 
must pass through t h e  t es t  s e c t i o n  i n t o  the d i f f u s e r  t h r o a t ,  which m u s t  
be s i zed  t o  allow a l l  of the r e l a t i v e l y  l o w  p res su re  recovery a i r  t o  
pass through the d i f f u s e r  t h r o a t  during the  s t a r t i n g  process .  This 
p laces  a severe l i m i t a t i o n  on the  pressure  recovery of a f ixed  geometry 
d i f f u s e r ,  and t o  obta in  l a r g e r  pressure  r e c o v e r i e s ,  i t  i s  necessary t o  
use v a r i a b l e  geometry d i f f u s e r s .  Since t h i s  is  no t  p r a c t i c a l  f o r  an  

a 
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a x i s m e t r i c  d i f f u s e r ,  most axisymmetric d i f f u s e r s  have f ixed  geometry 
and l imi t ed  cont rac t ion .  While t h e  porous d i f f u s e r  must ope ra t e  under 
a s imi l a r  l i m i t a t i o n ,  i t  i s  i n  a more favorable  p o s i t i o n ,  This r e s u l t s  
from the f a c t  t h a t  the pores,  as wel l  as the  d i f f u s e r  t h r o a t ,  a r e  a v a i l -  
a b l e  f o r  the passage of mass flow during the  s t a r t i n g  process.  Thus, 
during the  c r i t i c a l  phase when t h e  s t a r t i n g  shock system is near  the  t e s t  
s e c t i o n ,  t he  e n t i r e  porous d i f f u s e r  and t h r o a t  are  a v a i l a b l e  f o r  mass 
flow, whereas the  s o l i d  w a l l  d i f f u s e r  has only the  t h r o a t  a r e a  a v a i l a b l e .  
Af te r  t he  porous w a l l  d i f f u s e r  has s t a r t e d ,  the  low s t a t i c  pressure  com- 
bined w i t h  t h e  supersonic  flow f i e l d  a c t s  t o  reduce the  flow through 
the pores s o  t h a t ,  whereas the  e n t i r e  flow could pass through the  pores 
wi th  the  shock system a t  the  t e s t  s e c t i o n ,  a f t e r  the  d i f f u s e r  has s t a r t e d ,  
only a f r a c t i o n  of the flow passes  through the  pores .  

To c a l c u l a t e  the mass flow t h a t  passes  through the  pores of the  
d i f f u s e r  during the s t a r t i n g  process ,  it i s  necessary t o  make seve ra l  
assumptions. These w i l l  be discussed i n  the  s e c t i o n  on the  r e s u l t s  of 
the  numerical ca l cu la t ions .  

111. THEORETICAL CALCULATION OF DIFFUSER BOUNDARY LAYERS. 

A. General Approach 

The method of Bo t to r f f  and Rogers (1963) f o r  c a l c u l a t i o n  of 
compressible laminar boundary l aye r s  i n  nozzles wi th  suc t ion  w a s  extended 
during t h i s  s tudy t o  inc lude  c a l c u l a t i o n  of the flow i n  porous d i f f u s e r s .  
The ex tens ion  assumes that the  boundary l a y e r  concept can be c a r r i e d  i n t o  
t h e  d i f f u s e r  and t h a t  the flow i n  the core  i s  one-dimensional and i sen-  
t rop ic .  Although t h i s  model can be taken only as a rough approximation 
of the  phys ica l  case,  i t  was hoped t h a t  i t s  r e s u l t s  would be use fu l  a t  
least  f o r  t he  p r e d i c t i o n  of tfends.  A b r i e f  d e s c r i p t i o n  of t h i s  method 
follows. 

The method uses a momentum i n t e g r a l  approach t o  the c a l c u l a t i o n  
of the boundary l a y e r  c h a r a c t e r i s t i c s .  The v e l o c i t y  a t  t he  w a l l  is  allowed 
t o  be f i n i t e  t o  inc lude  the  e f f e c t s  of suc t ion .  Def in i t i ons  of momentum 
and displacement thicknesses  which account f o r  t r ansve r se  curva ture  a r e  
used. The s o l u t i o n  f o r  the  momentum i n t e g r a l  equat ion i s  

X 

0 
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where 

u2 a ) ]  dx (15) 
1 d - +  

U 
G(x) = exp 

m 
0 

and 

. l  

v T  
w m  s e c  w. W(X) = - s e c  w + - cf 

Tw 2 

F l a t - p l a t e  va lues  f o r  €?‘/e and Cf were used i n  the above equa- 
These were obtained from a n  exac t  s o l u t i o n  developed by I g l i s c h  t i ons .  

(1949) f o r  incompressible flow. I n  I g l i s c h ’ s  work, t hese  q u a n t i t i e s  a r e  
func t ions  of t he  parameter 

But s i n c e  

the r e s u l t s  of I g l i s c h  can be used d i r e c t l y  as func t ions  of 

m 

t o  o b t a i n  Cf and ( ~ 5 ” / 8 ) ~  inc. The va lue  of (?j’‘/8)2d inc i s  then used 
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i n  the following equat ion ( S i v e l l s  and Payne, 1959) t o  o b t a i n  (8*/e)a: 

i 

The parameter vw/u 
porous w a l l  i s  choged wi th  s t agna t ion  condi t ions  equal  t o  the  w a l l  s t a t i c  
pressure  and temperature. The hole  flow c o e f f i c i e n t s  were taken from 
experimental  d a t a  f o r  t h i n  o r i f i c e s  over a Reynolds number range from 
continuum t o  near f r e e  molecule. 

w a s  computed by assuming t h a t  the flow through the  

Equation (14) must be solved numerically.  A program f o r  a n  
IBM 7090 computer was developed and was a v a i l a b l e  f o r  the  p re sen t  s tudy.  
No account was  taken of pressure  g rad ien t  e f f e c t s  on Cf and &*/e. 

B. Modi f ica t ion  of Boundary Layer Equations t o  Include Pressure  
Gradient  E f fec t s  

During the  present  study, a n  e f f o r t  was made t o  inc lude  the 
e f f e c t s  of p re s su re  g r a d i e n t  i n  the IEM 7090 computer program, because 
of t he  poss ib l e  importance of the adverse  pressure  g r a d i e n t  i n  a d i f f u s e r .  

No s o l u t i o n s  were found i n  the  l i t e r a t u r e  f o r  the  compressible 
l a m i n a r  boundary l aye r  w i th  h e a t  t r a n s f e r ,  suc t ion ,  and pressure  g rad ien t .  
Thus, t o  e s t ima te  the  pressure  g rad ien t  e f f e c t ,  i t  is  necessary t o  r e s o r t  
t o  so lu t ions  of t he  s o l i d  w a l l  boundary l aye r  wi th  pressure  g r a d i e n t  and 
t o  apply these  as pe r tu rba t ion  t y p e  co r rec t ions  t o  t h e  Cf and 8*/8 values  
f o r  the  s u c t i o n  boundary l aye r .  

Solu t ions  t o  the laminar boundary l a y e r  equaii-iig t k t  fnclude 
the  e f f e c t s  of h e a t  t r a n s f e r ,  compress ib i l i ty  and pressure  g r a d i e n t  have 
been q u i t e  l i m i t e d  i n  number. The method of Cohen and Reshotko (NACA- 
TR-1294, 1956), as d i s t i n c t  from o the r  methods, does not r e q u i r e  the  
s o l u t i o n  of one o r  more ordinary d i f f e r e n t i a l  equat ions and seemed t o  
be the  most s u i t a b l e  f o r  inc lus ion  i n t o  the  method of Bo t to r f f  and Rogers. 
Cohen and Reshotko, a f t e r  applying Stewartson 's  t ransformation t o  the 
boundary l a y e r  equat ions,  use Thwaite' s concept (developed by him f o r  
incompressible  flow) of r e l a t i n g  the  w a l l  shear ,  i t s  normal d e r i v a t i v e  
a t  the  w a l l ,  and the  form f a c t o r  t o  one another  without  spec i fy ing  a 
type  of v e l o c i t y  p r o f i l e .  Nondimensional forms of t hese  q u a n t i t i e s  
were def ined  and were evaluated by examining exact  s o l u t i o n s  f o r  the 
laminar boundary l a y e r ,  i n  t h i s  case those of Cohen and Reshotko (NACA 
TR-1293, 1956). 
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I The C f  equat ion developed by Cohen and Reshotko i s  the  following: 

C f  &- W = 2  

Converting t h i s  t o  the  Cf used i n  Bo t to r f f  and Rogers, we have 

Cohen and Reshotko have obtained the  shea r  parameter, 1, as a 
func t ion  of the c o r r e l a t i o n  number, np,  which must be known i f  th i s  
method is t o  be used. I f  t he re  i s  no pressure  g r a d i e n t ,  np = 0. 

Since the Cohen method w a s  no t  developed f o r  a s u c t i o n  boundary 
l aye r ,  app l i ca t ion  of i t s  r e s u l t s  t o  a porous nozz le -d i f fuse r  i s  l imi t ed  
t o  a "perturbation" type of c o r r e c t i o n  t o  the cf developed i n  Bo t to r f f  
and Rogers f o r  suc t ion  boundary l aye r s .  Thus, a CCf can be  def ined as 

00 
T - 
TW 

I d l l ,  
u dx 

a, 

where is  the pressure  g r a d i e n t  c o r r e c t i o n  t o  t h e  s h e a r  parameter, a. 

1 2  



equation: 
I n  the case of S*/0, Cohen and Reshotko g i v e  the  fol lowing 

where Htr i s  a transformed form f a c t o r  and i s ,  l i k e  C f ,  a func t ion  of 
the  c o r r e l a t i o n  number, np. For no pressure  g r a d i z n t ,  

W 
T 

- Hint T aw Htr - 

I f  a pressure g rad ien t  e x i s t s ,  Htr can be w r i t t e n  

where BItr i s  the  co r rec t ion  due to  pressure  g r a d i e n t  from Cohen and 
Reshotko. 
Bo t to r f f  and Rogers, the r e s u l t i n g  equat ion f o r  (6* /8 )d  wi th  pressure  
g r a d i e n t s  i s  

I f  H t r  is  used ins tead  of H i n c  Tw/Taw i n  the  method of 

T 
1 .  a w  Tw . aw 

tr Tw + m t r j  T co F 00 
( 2 6 )  

C. Considerat ions Regarding Separat ion 

I n  modifying the computer progaam t o  inc lude  d i f f u s e r  ca lcu la-  
t i o n s ,  the  range of t he  pressure g rad ien t  c o r r e l a t i o n  parameter,  np,  had 
t o  be a r b i t r a r i l y  l imi t ed  t o  a value below t h a t  which would cause separa-  
t i o n  f o r  a no-suction boundary layer .  The poss ib l e  e r r o r  introduced by 
doing t h i s  may be l a r g e ,  as indicated by Figure 3 ,  where a t y p i c a l  ca l -  
cu la ted  v a r i a t i o n  of np along the d i f f u s e r  i s  p l o t t e d .  
i f  the  boundary l aye r  a c t u a l l y  sepa ra t e s  a t  the  po in t  indicLted f o r  no 

It is c l e a r  t h a t ,  
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suc t ion ,  d i f f u s e r  performance w i l l  be poor. 
t h a t  a no-suction d i f f u s e r  would sepa ra t e  a t  the  en t rance ,  the np a t  t h i s  
po in t  is  not  considered v a l i d  because i t  occurs a t  the  nozz le-d i f fuser  
boundary. I f  the  boundary l aye r  s epa ra t e s  a t  even the  second ind ica t ed  
po in t ,  however, the con t r ac t ion  of the d i f f u s e r  would be q u i t e  l imi t ed  
and the  pressure  recovery would be e s s e n t i a l l y  that a s soc ia t ed  wi th  a 
t e s t  s ec t ion  normal shock. It has been found experimental ly ,  however, 
t h a t  t h i s  s epa ra t ion  apparent ly  does n o t  occur,  o r  i f  i t  does occur ,  i t  
f a i l s  t o  s e r ious ly  d i s r u p t  the core flow. This s ta tement  i s  based on 
the  f a c t  t h a t  p ressure  recover ies  of up t o  t en  times normal shock were 
achieved in the  t e s t s  and a l s o  upon the f a c t  t h a t  measured d i f f u s e r  s t a t i c  
pressures  exhib i ted  a smooth increase  along the  l eng th  of the  d i f f u s e r .  

Although the p l o t  i nd ica t e s  

The sepa ra t ion  po in t  ind ica ted  on the  p l o t  w a s  f o r  a no-suct ion 
boundary layer .  It is  w e l l  known t h a t  boundary l aye r  s u c t i o n  de lays  
separa t ion ,  s o  t h a t  a h igher  va lue  of the  s e p a r a t i o n  np can be expected 
f o r  a suc t ion  boundary l aye r .  Inves t iga t ions  have been made t o  a t tempt  
t o  determine the magnitude of t he  increase  i n  the  pressure  g r a d i e n t  
parameter t h a t  w i l l  be caused by the  suc t ion .  No r e fe rences  were found 
r e l a t i n g  the e f f e c t  of s u c t i o n  t o  the  s e p a r a t i o n  p res su re  g r a d i e n t  param- 
e t e r  i n  a compressible boundary l aye r .  In view of t h i s  l ack  of informa- 
t i o n  on compressible boundary l a y e r s ,  i t  w a s  decided t o  a t tempt  t o  
determine the order  of magnitude change i n  pressure  g r a d i e n t  parameter 
due t o  suc t ion  by using the r e s u l t s  of incompressible  a n a l y s i s .  

Spalding and Evans have prepared a s e r i e s  of r e p o r t s  t h a t  com- 
p i l e  the a v a i l a b l e  exac t  s o l u t i o n s  of the incompressible  boundary l aye r  
wi th  an  a r b i t r a r y  pressure  g rad ien t  and suc t ion .  In  t h e i r  work, the 
suc t ion  boundary l aye r  is charac te r ized  by parameters such as the  momen- 
tum thickness , the kinematic  v i s c o s i t y ,  t he  l o c a l  a x i a l  v e l o c i t y  g r a d i e n t ,  
and the suc t ion  flow r a t e .  The v e l o c i t y  g r a d i e n t  is  assumed t o  be of t he  
form du/dx = cun. The s i g n  of t he  cons tan t ,  c y  w i l l  be p o s i t i v e  o r  nega- 
t i v e ,  depending upon whether the  flow is a c c e l e r a t i n g  o r  dece le ra t ing .  
For a l l  of the da t a  presented ,  the exponent, n ,  has been l imi ted  t o  
values  l e s s  than 2 f o r  p o s i t i v e  v e l o c i t y  g r a d i e n t s  and t o  va lues  g r e a t e r  
than 2 f o r  negat ive v e l o c i t y  g rad ien t s  ( d i f f u s e r s ) .  The l i m i t a t i o n s  
have no physical  s ign i f i cance ,  b u t  a r e  made only  f o r  mathematical  s i m p l i c -  
i t y .  These r e s t r i c t i o n s  a r e  important i n  the  case  of hypersonic  d i f f u s e r s ,  
howcver, s ince  f o r  the  v e l o c i t i e s  of i n t e r e s t  i n  t he  p re sen t  s tudy  (3000 
t o  4000 f p s )  ca l cu la t ions  have been c a r r i e d  ou t  on ly  f o r  extreme v e l o c i t y  
g rad ien t s .  It i s  thus apparent  t h a t  the  incompressible  flow c a l c u l a t i o n s  
a r e  not  useful  i n  a t tempting t o  determine the  magnitude of the  e f f e c t  of 
s u c t i o n  on the sepa ra t ion  p o i n t ,  
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D. Resul t s  of Calcu la t ions  With and Without Pressure  Gradient  

Figure 4 i s  a comparison of t h e  computer r e s u l t s  wi th  and with- 
ou t  the  prev ious ly  descr ibed pressure  g r a d i e n t  co r rec t ion .  Mach number 
and have been p l o t t e d  versus  the d i s t a n c e  along the  nozz le-d i f fuser  
c e n t e r l i n e  f o r  the  8-degree ha l f -angle ,  15 percent  p o r o s i t y  d i f f u s e r  a t  
s t agna t ion  condi t ions  t y p i c a l  of those used i n  the  tes ts .  The pressure  
g r a d i e n t  co r rec t ion  g ives  a lower Mach number a t  a l l  l o c a t i o n s ;  t h i s  
i m p l i e s  t h a t  the  increased s k i n  f r i c t i o n  c o e f f i c i e n t  more than o f f s e t s  
the favorable  s h a p e  parameters and r e s u l t s  i n  a n  inc rease  i n  boundary 
l aye r  thickness .  However, the  Mach number d i f f e r e n c e  seems t o  disappear  
near the  end of the  d i f f u s e r .  Mass flow r a t i o s ,  however, a r e  about  5 t o  
15 percent  higher  ( suc t ion  flow 5 t o  15 percent  lower) i n  the  no-pressure 
g rad ien t  case, a r e s u l t  of t h e  lower tunnel  s t a t i c  pressures  f o r  t h i s  
case. 

To f u r t h e r  a s s e s s  t h e  v a l i d i t y  of the Cohen-Reshotko method f o r  
ca l cu la t ing  laminar boundary l a y e r  c h a r a c t e r i s t i c s  i n  a pressure  g rad ien t ,  
the nozzle  boundary l aye r  was ca lcu la ted  f o r  t he  pressure  g r a d i e n t  and 
no-pressure g r a d i e n t  cases f o r  a n  e x i s t i n g  M = 6 nozzle ,  which has been 
thoroughly inves t iga t ed  experimental ly .  The comparison between the  
r e s u l t i n g  t e s t  s e c t i o n  Mach numbers is  shown i n  Figure 5. Again, the 
pressure  g rad ien t  case shows a decreased Mach number and is i n  poorer 
agreement w i t h  experiment than the  no-pressure g r a d i e n t  ca l cu la t ions .  

It appears t h a t  t h e  Cohen-Reshotko procedure may over-est imate  
the  e f f e c t  of the  pressure  g rad ien t  on the  s k i n  f r i c t i o n  c o e f f i c i e n t .  
This i s  a l s o  implied i n  a r e p o r t  by Carden who compared experimental ly  
measured h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  a laminar flow nozzle  wi th  the  
r e s u l t s  of ca l cu la t ions  using the  Cohen-Reshotko procedure.  The h e a t  
t r a n s f e r  c o e f f i c i e n t s  ca l cu la t ed  by the  Cohen-Reshotko procedure g r e a t l y  
exceed experimental ly  determined. ones. I n  view of t h i s  unce r t a in ty  of 
+he adequacy using the  Cohen-Reshotko procedure t o  c a l c u l a t e  t he  e f f e c t  
of pressure  g r a d i e n t  on nozo:e-diffnspr boundary l a y e r  c h a r a c t e r i s t i c s  
and a l s o  consider ing that the e f f e c t  of the  pressure  g r a d i e n i  cri;i;zzrs 
small when used i n  the  c a l c u l a t i o n  of the  nozz le-d i f fuser  boundary l aye r ,  
f o r  the  purposes of t h i s  s tudy  the e f f e c t s  of pressure  g rad ien t  can be 
neglected.  

IV. RESULTS OF THEORETICAL CALCULATIONS 

A. Mass Flaw 

Calcula t ions  
t i ons .  The v a r i a b l e s  
con t r ac t ion  angle ,  w, 

were made f o r  a series of nozz le-d i f fuser  combina- 
included the  Mach number, t he  Reynolds number, the 
and the  poros i ty ,  cp. While the  important parameters 
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i n  determining the  performance of a d i f f u s e r  a r e  the  pressure  recovery 
and mass flow r e l a t i o n s h i p s ,  by the use of equat ions (9) ,and ( l o ) ,  it is  
poss ib l e  t o  determine the l i m i t s  on p re s su re  recovery i f  the  v a r i a t i o n  of 
mass flow and temperature r a t i o  wi th  a r e a  r a t i o  i s  known. Figures  6 
through 8 show the  t y p i c a l  v a r i a t i o n  of mass flow r a t i o  wi th  d i f f u s e r  
area r a t i o .  

The porous nozzle used i n  these  c a l c u l a t i o n s  had a 26-degree 
included angle  and a 12-inch e x i t  diameter.  The nozzle t h r o a t  was 
va r i ed  between Mach number 10 and Mach number 6 .  The lowest va lues  of 
A,/A2 are those corresponding t o  the  t e s t  s ec t ion .  

Figure 6 shows the v a r i a t i o n  of mass flow wi th  a r e a  r a t i o  f o r  
d i f f e r e n t  values  of cp and w. This p l o t  shows t h a t  increas ing  e i t h e r  t h e  
po ros i ty  or the l eng th  increases  the  flow through the  pores.  This is  
c o n s i s t e n t  wi th  what would be expected i n t u i t i v e l y ,  i . e .  , t h a t  the  f l o w  
ou t  the  d i f f u s e r  w a l l  would be approximately propor t iona l  t o  the  t o t a l  
open a r e a  of the d i f f u s e r .  The t o t a l  f low through the d i f f u s e r  pores i s  
not  d i r e c t l y  propor t iona l  t o  the  a r e a  of the d i f f u s e r  pores because 
increas ing  d i f f u s e r  pore flow r e s u l t s  i n  decreas ing  s t a t i c  pressures  i n  
the  d i f f u s e r .  Since the l o c a l  mass flow through the  d i f f u s e r  pore is 
almost d i r e c t l y  p ropor t iona l  t o  the l o c a l  s t a t i c  pressure ,  the  decrease  
i n  s t a t i c  pressure  r e s u l t s  i n  a decrease i n  mass flow p e r  u n i t  open area. 
This assumed r e l a t i o n s h i p  between l o c a l  mass f low and l o c a l  s t a t i c  pres -  
s u r e  keeps the flow from being d i r e c t l y  p ropor t iona l  t o  the  t o t a l  open 
a r e a  of the  d i f f u s e r .  

Figures 7 and 8 show the  e f f e c t  of Reynolds number on the  d i f -  
fu se r  performance. Increas ing  Reynolds number resul ts  i n  a r e l a t i v e  
reduct ion  i n  mass flow through the  pores.  This i s  due t o  the  inc rease  
i n  Mach number t h a t  is a s soc ia t ed  wi th  a n  inc rease  i n  Reynolds number. 
The Mach number increases  because of the  r educ t ion  i n  boundary l a y e r  
he ight  wi th  increas ing  Reynolds number. 
r e s u l t s  i n  a r e l a t i v e l y  lower s t a t i c  p res su re  a t  the  pores ,  and s ince  
t h e  pore flow i s  d i r e c t l y  propor t iona l  t o  the  s ta t ic  pressure ,  t h i s  
r e s u l t s  i n  a r educ t ion  i n  pore flow. As the Reynolds number i n c r e a s e s ,  
t he  boundary l a y e r  becomes th inne r ,  so t h a t  t he  v a r i a t i o n s  i n  the  he igh t  
of the boundary l a y e r  have a smal le r  e f f e c t  on t h e  Mach number and pres- 
su re  i n  the  nozzle and d i f f u s e r .  

The increased  Mach number 

B. Heat Transfer  

To use Figures  6 through 8 i n  c a l c u l a t i n g  the  p re s su re  recovery,  
it is necessary t o  determine the v a r i a t i o n  of TT-/TT . Calcu la t ions  
were made using the  procedure ou t l ined  on pages 7 and 8. 
t h a t  t he  h e a t  t r a n s f e r r e d  between the  nozz le  t h r o a t  and the  d i f f u s e r  
t h r o a t  was r e l a t i v e l y  cons tan t  and equal  t o  about  15 percent  of t h e  
energy en ter ing  the nozzle th roa t .  Thus, t h e  temperature  r a t i o  (TT /TT,~)  

It was found 

2 
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is  about  .85. Since only a s m a l l  f r a c t i o n  of the energy i s  t r a n s f e r r e d  
from the  incoming gas t o  the nozzle  walls,  i t  is apparent  t h a t  t he  tem- 
pe ra tu re  r a t i o  is  not  a n  important parameter i n  ca l cu la t ing  the  theo re t -  
i c a l  l i m i t s  on the pressure  recovery.  

C. Cryopumped Di f fuse r s  

I n  a low dens i ty  wind tunnel w i t h  porous d i f f u s e r ,  the flow 
through the  pores gene ra l ly  represents  a ve ry  l a r g e  volume flow r a t e  
because of the low pressures  ( t y p i c a l l y  of the  order  of 1 micron) which 
must be maintained ou t s ide  t h e  nozzle and d i f f u s e r  w a l l s .  Thus, a cryo- 
pump, which can be arranged s o  t h a t  i t  e n t i r e l y  surrounds the nozzle  and 
d i f f u s e r ,  i s  a n  e s p e c i a l l y  a t t r a c t i v e  means of pumping the  s u c t i o n  flow 
because of the very high pumping speeds which can be achieved. 

Since the  cryopump i s ,  however, a mass flow l imi ted  pump, the  
problem i n  such an  i n s t a l l a t i o n  i s  t o  design a d i f f u s e r  which w i l l  mini- 
mize the volume flow r a t e  a t  the  d i f f u s e r  t h r o a t  while  maintaining the  
pore mass flow below the  capac i ty  of the  cryopump. To i l l u s t r a t e  the  
t rade-of f  involved, ca l cu la t ions  were made f o r  the 12-degree ha l f -angle ,  
15 percent  po ros i ty  d i f f u s e r  wi th  the 12-inch diameter Mach 10 nozzle.  
The t e s t  s e c t i o n  u n i t  Reynolds number was 340/ in  (PT = 1.96 p s i a ,  
TT, = 1320'R). Figure 9 presents  the  maximum poss ibfe  pressure  recovery 
(equation 10)  and the  d i f f u s e r  t h r o a t  mass flows as a func t ion  of nozzle  
t o  d i f f u s e r  t h r o a t  a r e a  r a t i o .  As the  d i f f u s e r  a rea  r a t i o  is increased ,  
t he  assumed normal shock occurs a t  a lower Mach number. The lowered 
Mach number more than o f f s e t s  the decreased mass flow r a t i o  t o  g ive  a 
s t e a d i l y  increas ing  pressure  recovery as the  a r e a  r a t i o  is increased.  
Figure 10 p resen t s  the corresponding pumping speed requirements f o r  the  
d i f f u s e r  t h r o a t  f low along wi th  the cryopump capac i ty  requi red  t o  pump 
the pore flow. The d i f f u s e r  t h roa t  volume flow can be diminished t o  
very  s m a l l  va lues ,  bu t  the cryopump capac i ty  curve r i s e s  s t e e p l y  as t h i s  
is  done. 

It i s  apparent  then t h a t  a t rade-of f  m u a i  Lc Z X ! ~  +n balance t h e  
two requirements.  The most economical con t r ac t ion  r a t i o  cannot be der ived 
i n  genera l  terms s i n c e  i t  depends on a g r e a t  many f a c t o r s  (Reynolds number 
range,  tunnel  s i z e ,  a v a i l a b i l i t y  of var ious  pumping means , e t c . )  which 
must be ind iv idua l ly  considered f o r  each ins  t a l l a t i o n .  

D. S t a r t i n g  Cal c u l a  t ions 

The porous d i f f u s e r  can s t a r t  wi th  g r e a t e r  amounts of contrac-  
t i o n . t h a n  a s o l i d  w a l l  d i f f u s e r  s i n c e  the  openings i n  the  d i f f u s e r  w a l l  
downstream of the  shock system a c t  as a d d i t i o n a l  d i f f u s e r  t h r o a t  a r e a  
dur ing  the  s t a r t i n g  process.  Since these  pores a r e  not  c a r e f u l l y  shaped 
nozz le s ,  b u t  a r e  sharp-edged o r i f i c e s ,  ins tead  of flowing f u l l  of gas a t  
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a s o n i c  condi t ion,  they flow a t  a lower r a t e .  While, i f  the pressure  
r a t i o  i s  high enough, the  flow r a t e  can be est imated as a func t ion  of 
Reynolds number, because of o the r  u n c e r t a i n t i e s ,  i t  is  adequate t o  
assume t h a t  the pores a r e  choked. 

The temperature of the  gas passing through the  pores is unknown 
s i n c e  i t  i s  d i f f i c u l t  t o  es t imate  the  hea t  t r a n s f e r .  It was  found t h a t  
the  h e a t  t r a n s f e r  i n  the  d i f f u s e r  i s  low i f  the d i f f u s e r  i s  supersonic  

@.T~/TT* = .85) ;  however, i f  the gas is subsonic  and a t  a higher  pressure  
l e v e l ,  the  h e a t  t r a n s f e r  w i l l  be increased.  I n  view of t h i s  unce r t a in ty ,  
a conserva t ive  assumption has been made; i .e . ,  the  gas is  a l l  a t  the  
s t agna t ion  temperature.  

The o the r  major unce r t a in ty  is the pressure  recovery of the gas 
behind the  normal shock system. A t  h igh Reynolds number, i t  has been 
found experimental ly  t h a t  t h i s  shock system has a lower l o s s  than a s i n g l e  
normal shock. This is evidenced by the  a b i l i t y  of d i f f u s e r s  t o  s t a r t  wi th  
g r e a t e r  con t r ac t ion  than theory p r e d i c t s .  For the p re sen t  a n a l y s i s  i t  has 
been assumed t h a t  these  e r r o r s  a r e  self-compensating; i . e . ,  t he  r educ t ion  
i n  a r e a  is  j u s t  balanced by the  h igher  pressure  recovery and lower tem- 
pera ture .  Now the s t a r t i n g  c r i t e r i o n  w i l l  be t h a t  the  q u a n t i t y  of gas 
t h a t  can flow through the open area downstream of the  shock wave m u s t  
equal o r  exceed the  quan t i ty  of gas en te r ing  the  shock wave. The gas 
flowing through the  pores i s  assumed t o  be choked a t  the s t a g n a t i o n  tem- 
pe ra tu re  and pressure  a s soc ia t ed  wi th  a normal shock. The s t a r t i n g  
c h a r a c t e r i s  t i c s  of s eve ra l  nozzle-dif  fu se r  conf igura t ions  were inves ti- 
gated using t h i s  approach. It w a s  found t h a t  the  c r u c i a l  phase of the  
s t a r t i n g  process occurs when the normal shock i s  pos i t ioned  a t  t he  t e s t  
s ec t ion .  This is  the same r e s u l t  found f o r  a nonporous d i f f u s e r .  

V. EXPERIMENTAL PROGRAM 

A. F a c i l i t y  Descr ip t ion  

The experiments were conducted i n  the Hypera l t i tude  F a c i l i t y  of 
t he  Environmental Divis ion of the  U. S. Naval M i s s i l e  Center ,  Po in t  Mugu, 
Ca l i fo rn ia .  A complete d e s c r i p t i o n  of t h i s  f a c i l i t y  i s  g iven  i n  Bo t to r f f  
(1964), and only a b r i e f  summary w i l l  be presented  i n  t h i s  s e c t i o n .  
b a s i c  f a c i l i t y  c o n s i s t s  of a 10-foot  diameter ,  20-foot long vacuum chamber 
t h a t  has a combination of pumping systems. 
t h e  p re sen t  t e s t  was  a 20°K cryopump t h a t  is  cooled by a 350 w a t t  gaseous 
helium r e f r i g e r a t o r .  The condenser can be i s o l a t e d  from the  main chamber 
by a l a r g e  5-foot  diameter va lve  which al lows access  t o  the  models and 
tunnel without br inging  the cryopump up t o  ambient temperature.  

The 

The primary pumping u n i t  f o r  
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The p resen t  i n v e s t i g a t i o n  used the  porous w a l l  nozzle  descr ibed 
i n  Bo t to r f f  and Rogers (1963). This nozzle  is  b a s i c a l l y  a Mach 10 nozzle  
wi th  12-inch e x i t  diameter which has l iquid-ni t rogen-cooled porous w a l l s .  

B. Experimental Arrangement 

The experimental  arrangement used i n  t h i s  t e s t  i s  i l l u s t r a t e d  
i n  Figure 11. The n i t rogen  gas which w a s  obtained by vapor iz ing  l i q u i d  
n i t rogen  was metered i n t o  the  s t agna t ion  chamber t o  main ta in  a s e l e c t e d  
s t agna t ion  pressure .  Af t e r  passing through the nozzle  t h r o a t ,  p a r t  of 
t he  flow was  removed through the  l iquid-ni t rogen-cooled porous w a l l s  of 
t he  nozzle  and the  d i f f u s e r .  This flow passed through the  5-foot  diameter 
va lve  i n t o  the  cryopump. The remaining flow passed through the  d i f f u s e r  
t h r o a t  i n t o  the  pumping system where it could be d i r e c t e d  t o  e i t h e r  t he  
mechanical pump or  t he  cryopump. The pressure  a t  the  end of the d i f f u s e r  
w a s  va r i ed  by manipulating the t h r o t t l e  valves  (1 and 2). 

It was o r i g i n a l l y  planned t o  use the  s e c t i o n  M (Figure 11) as a 
meter ing run;  however, t h i s  d id  not prove p r a c t i c a l  because of e r r a t i c  
p re s su re  drops i n  t h e  metering sec t ion .  This e r r a t i c  performance r e s u l t e d  
from the  p e r s i s t e n c e  of the  core  flow when the  d i f f u s e r  t h r o a t  was  super-  
sonic .  This problem was a l l e v i a t e d  by i n s t a l l i n g  t h e  s t i l l i n g  chamber S 
(Figure 11) and using the  thin-walled o r i f i c e  as a meter ing system. To 
use t h i s  meter ing system, it was necessary t h a t  a l l  of the  flow p a s s  
through the  s t i l l i n g  chamber and i n t o  the cryopump s o  va lve  2 w a s  c losed 
a t  a l l  t i m e s .  

C. Ins t rumenta t ion  

Since t h e r e  a r e  extremely wide v a r i a t i o n s  of pressure  l e v e l  i n  
t h e  hypersonic wind tunnel ,  i t  i s  necessary t o  use a v a r i e t y  of pressure  
gauges t o  monitor t he  flow condi t ions.  

ine sixgz~ti.cfi rhamber pressure  was measured using a Bourdon 
gauge which was  l imi t ed  by reading accuracy KO 3 i- 5 percent accuracy. 
The s t a t i c  p res su res  i n  the  converging s e c t i o n  of the  supersonic  d i f f u s e r  
were measured using thermocouple gauges. The f i r s t  two instruments had a 
usable  range of 0-100 microns, while the  t h i r d  gauge had a range of 
5-1000 microns. By the use of s u i t a b l e  va lv ing ,  the tes t  s e c t i o n  normal 
shock pressure ,  t he  s t a t i c  pressure  i n  the  d i f f u s e r  t h r o a t ,  and t h e  d i f -  
f u s e r  recovery pressure  were measured using one Alphatron gauge. 
w a s  necessary t o  measure the  s t a t i c  pressure  near  the  d i f f u s e r  recovery 
tube,  t he  same Alphatron was used. The pressure  i n  the  metering system 
was measured us ing  a capaci tance type mechanical diaphragm gauge. 
gauges were c a l i b r a t e d  on a device that metered known increments of gas  
i n t o  a conta iner  of a f ixed  and known volume. 

When it  

A l l  
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D. Di f fuser  Configurat ion 

Three d i f f u s e r  con t r ac t ion  sec t ions  were t e s t e d .  Two contrac-  
t i ons  had an 8-degree ha l f -angle  and the t h i r d  had a 12-degree ha l f -angle .  
One 8-degree d i f f u s e r  and the  12-degree d i f f u s e r  had a po ros i ty  of 15 per- 
cen t ;  i . e . ,  t he re  w a s  15 percent  open a rea .  The second 8-degree d i f f u s e r  
had a po ros i ty  of 30 percent .  The pores cons is ted  of l / 4 - inch  diameter 
holes  d r i l l e d  i n  the  1/16-inch d i f f u s e r  w a l l .  The d i f f u s e r s  were con- 
s t r u c t e d  so t h a t  the diameter of the t h r o a t  s e c t i o n  could be va r i ed  
between 2 inches and 3 1 / 2  inches.  The L/D of the t h r o a t  w a s  e s s e n t i a l l y  
cons tan t  a t  a va lue  of 4.8. The e n t i r e  d i f f u s e r  assembly could be moved 
r e l a t i v e  t o  the  nozzle  s o  t h a t  the e f f e c t  of varying the  f r e e - j e t  l eng th  
could be inves t iga ted .  The supersonic  con t r ac t ion  s e c t i o n  and the  con- 
s t a n t  a r e a  th roa t  were cooled t o  l i qu id -n i t rogen  temperature.  

The conf igura t ions  a r e  i d e n t i f i e d  by a code cons i s t ing  of d i f -  
fuser  ha l f -angle ,  po ros i ty ,  t h r o a t  diameter and f r e e - j e t  l ength .  Thus 
8O-15%-2"-6" r e f e r s  t o  the  8-degree ha l f -angle ,  15 percent  po ros i ty  
d i f f u s e r  with a 2-inch diameter t h r o a t  and a f r e e - j e t  l eng th  of 6-inches.  

A t r ave r se  mechanism was  i n s t a l l e d  s o  t h a t  va r ious  models could 
be in se r t ed  i n  the  stream. Since these  were expected t o  be h igh  per-  
formance d i f f u s e r s ,  i t  was  a n t i c i p a t e d  that the d i s tu rbances  caused by 
the  models would s e r i o u s l y  a f f e c t  the  d i f f u s e r  performance. The models 
included a 1-inch diameter sphere,  a 30-degree included ang le  cone wi th  
a 1-inch base diameter ,  and a l / 4 - inch  s t a g n a t i o n  pressure  probe. 

E. Testing Procedure 

During t y p i c a l  t e s t i n g ,  the  tunnel  condi t ions  were e s t a b l i s h e d  
by r a i s i n g  the s t agna t ion  chamber pressure  t o  the  des i r ed  l e v e l  w i th  the  
t h r o t t l e  valve w i d e  open. Af te r  t he  pressures  had s t a b i l i z e d ,  the  read-  
ings were taken, and the  t h r o t t l e  w a s  c losed t o  r a i s e  the  pressure  a t  
the  end of the d i f f u s e r  s ec t ion .  Typical ly  the  va lve  w a s  closed u n t i l  
the  metering system showed a decrease i n  mass flow, and then  the  va lve  
was opened u n t i l  the  e n t i r e  mass flow was once more pass ing  through the 
metering sec t ion .  This po in t  would roughly correspond t o  the  c r i t i c a l  
p o i n t  of t he  d i f f u s e r .  Addit ional  da t a  po in t s  were then  taken w i t h  the 
va lve  closed beyond t h i s  po in t .  This procedure generated p l o t s  of pres -  
s u r e  recovery versus  mass flow t h a t  a r e  comparable t o  those  obtained 
during the t e s t i n g  of supersonic  i n l e t s .  

It was found t h a t  some conf igura t ions  would n o t  ope ra t e  proper ly  
because of the lo s ses  i n  the  4-inch diameter meter ing p ip ing .  
m a s s  flow da ta  were the most important ,  t he  meter ing system was shortened 
and the  valves  were removed i n  an  a t tempt  t o  reduce the  l o s s e s  through 
the  metering system. For these  conf igu ra t ions ,  only a s i n g l e  m a s s  f low 
po in t  was obtained f o r  each Reynolds number, 

Since the  
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F. Data Reduction 

The pressure  d a t a  were reduced t o  c o e f f i c i e n t  form by r a t i o i n g  
the  pressures  to t he  s t agna t ion  chamber pressure .  

The mass flow through the  metering system was  obtained by assum- 
ing t h a t  the flow c h a r a c t e r i s t i c s  of the  o r i f i c e  were the  same as those 
repor ted  by Leipmann (1960). In  t h a t  i n v e s t i g a t i o n ,  an o r i f i c e  wi th  an 
L/D of 1/40 w a s  t e s t e d  from the  continuum range through the  free-molecular 
f low range. Liepmann found t h a t  i f  the  Knudsen number of t he  o r i f i c e  was  
below . l ,  the  mass flow was  e s s e n t i a l l y  independent of Knudsen number and 
equal  t o  85 percent  of t he  flow that would p a s s  through a s o n i c  t h r o a t  of 
the same a rea .  The present  experiments were i n  the  same Knudsen number 
range; however, i t  was no t  poss ib l e  t o  maintain the same pressure  r a t i o  
ac ross  the  o r i f i c e .  Liepmann maintained a pressure  r a t i o  of 1,000. How- 
ever ,  he po in t s  ou t  i n  the t h e o r e t i c a l  development t h a t  i n  continuum flow 
a p res su re  r a t i o  of approximately 26 i s  s u f f i c i e n t  t o  prevent  the  down- 
s t ream pressure  from inf luencing the flow through the o r i f i c e  i f  the gas 
has  a va lue  of y = 1.4. This condi t ion  was m e t  f o r  most of t he  configura- 
t i o n s  t e s t e d  i n  the  present  i nves t iga t ion .  

T h e x e l a t i o n s h i p  between the flow through the  nozzle  and the  
flow through the d i f f u s e r  t h r o a t  i s  given by 

pT AC 
.85 c 7 - . % 

% pT 
- =  

TTo’TTc A,? 
0 

In  t h e  p re sen t  i nves t iga t ion ,  i t  was found t h a t ,  wi th  room temperature 
gas en te r ing  the nozzle ,  the  temperature of the  gas leav ing  the  o r i f i c e  

~ e ~ ~ ~ ~ ~ r z t z r e -  The o r i f i c e  diameter was  4 inches and the 
diameter was 9/32 inch. Equation ( 2 7 j  LCCGZ:~ 

w a s  a l s o  room 
nozz le  t h r o a t  

T h i s  i s  the  expression t h a t  was  used i n  c a l c u l a t i n g  the  d i f f u s e r  t h r o a t  
m a s s  f low r a t i o  from the  measured pressures .  
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VI. EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY 

A. Pressure Recovery Data 

Figure 1 2  is a p l o t  of measured pressure  r a t i o  versus  measured 
mass flow r a t i o  f o r  the d i f f u s e r  conf igura t ion  8"-15%-2"-0. This f i g -  
ure can be used t o  demonstrate some of these  s a l i e n t  f e a t u r e s  of the  
experimental r e s u l t s .  

The flagged symbols correspond t o  the  pressure  recovery meas- 
ured j u s t  downstream of t h a t  l oca t ion .  The numbers on the  poin ts  cor re-  
spond t o  the sequence of c los ing  the mass flow valve.  While the  s t a t i c  
pressure measured a t  the  a f t  end of the  d i f f u s e r  follows the  t h e o r e t i c a l  
trend in so fa r  a s  t he  pressure  r i s e s  as the  va lve  is  closed,  the  s tagna-  
t i o n  pressure o f t e n  does not .  This is because the  s i n g l e  s t a g n a t i o n  pres-  
su re  tube is gene ra l ly  not  r e p r e s e n t a t i v e  of t he  flow condi t ions  a t  t h a t  
s t a t i o n .  Since the  probe i s  mounted i n  the  cen te r  of t he  tube,  i t  i s  
unduly influenced by the  high s t agna t ion  pressure  core which p e r s i s t s  
i n t o  t h i s  region when the  t h r o t t l e  va lve  i s  r e l a t i v e l y  wide open. As 
the  va lve  is c losed ,  the  shock system is moved forward and promotes 
b e t t e r  mixing; thus,  t he  s t agna t ion  pressure  probe becomes more repre-  
s e n t a t i v e  of t he  flow a t  t h a t  l oca t ion .  

As t he  shock system is moved forward the  d i f f u s e r  mass flow 
begins t o  decrease.  This is probably the r e s u l t  of s epa ra t ion  and 
reversed flow on  the  w a l l s  of the  d i f f u s e r  t h roa t .  This s epa ra t ion  
feeds f a r  enough forward t o  inf luence  the  s t a t i c  pressure  measurements 
i n  the  converging s e c t i o n  of the supersonic  d i f f u s e r .  

Because t h e  d is turbance  feeds forward such a long d i s t a n c e ,  
t he  peak pressure recovery. i s  not  obtained u n t i l  a cons iderable  p a r t  of 
the  mass flow i s  being s p i l l e d  a t  the  low Reynolds numbers. While t h i s  
could probably be cor rec ted  by using a longer  cons tan t  a r e a  t h r o a t ,  t he  
main b e n e f i t  would be the  increased mass flow a t  t h e  c r i t i c a l  po in t ,  
s i n c e  the  increase  i rk  p ressure  recovery would be modest. This i s  c l e a r  
from the  comparison of the experimental  p re s su re  recovery wi th  the  theo- 
r e t i c a l  maximum poss ib le  pressure  recovery.  
pressure recovery is  obtained by the  i n t e r s e c t i o n  of v e r t i c a l  l i n e s  
through the  maximum measured mass flows and the  l i n e  l abe led  equat ion (10). 
This corresponds t o  i s e n t r o p i c  flow between the  nozzle  t h r o a t  and the  d i f -  
fu se r  t h r o a t ,  and the re fo re  r ep resen t s  t he  maximum p o s s i b l e  p re s su re  
recovery.  
15 percent  of t h e  t h e o r e t i c a l  values. 

The maximum t h e o r e t i c a l  

The maximum experimental  p re s su re  r ecove r i e s  a r e  wi th in  10 t o  
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The agreement between the  values  of p re s su re  recovery suggests  
t h a t  the r e l a t i v e l y  s h o r t  constant  area d i f f u s e r  t h r o a t s  a r e  adequate i f  
some s p i l l a g e  i s  allowable.  I f  the  d i f f u s e r  w a l l s  were s o l i d  so  that 
mass flow could not  be s p i l l e d  without causing the  d i f f u s e r  t o  become 
uns t a r t ed ,  t he  pressure  recovery would be s i g n i f i c a n t l y  reduced. Under 
these  condi t ions ,  the  maximum pressure recovery would be l imi ted  t o  the  
va lues  corresponding t o  the  po in t  a t  which the  d i f f u s e r  t h r o a t  mass flow 
starts t o  decrease.  

Figure 13 i l l u s t r a t e s  the  change i n  d i f f u s e r  e f f ec t iveness  
caused by opening the  f r e e - j e t  t o  6 inches and by i n s t a l l i n g  a model. 
To avoid the  e r r a t i c  pressures  measured by the s t agna t ion  pressure probe, 
t he  pressure  r a t i o s  were obtained using the  s t a t i c  pressure  a t  S t a t i o n  3. 
For most conf igura t ions ,  t h i s  pressure is wi th in  10 percent  of t he  s t a g -  
na t ion  pressure  a t  the  peak pressure recovery.  

The 6-inch f r e e - j e t  causes a s l i g h t  reduct ion  of the mass flow 
and pressure  recovery.  The model has a more d e l e t e r i o u s  e f f e c t  on the  
performance, causing s i g n i f i c a n t  reduct ions i n  mass flow and pressure  
recovery.  

Figures 14 and 15 compare the  same performance parameters f o r  
conf igura t ions  8"-30%-2 and 12"-15%-2.5, r e spec t ive ly .  These configura-  
t i ons  show s i m i l a r  c h a r a c t e r i s t i c s  t o  the  ones previously discussed.  

It w a s  not  always poss ib le  t o  o b t a i n  continuous da t a  a s  t he  
mass flow w a s  reduced by c los ing  valve 1. A s  t he  mass flow was reduced, 
a po in t  was o f t e n  reached where the shock wave would move abrupt ly  from 
near t he  d i f f u s e r  t h r o a t  t o  a point  f a r  upstream of the  d i f f u s e r  t h r o a t .  
This would r e s u l t  i n  neg l ig ib l e  values of pressure  recovery and mass 
flow. It appears t h a t ,  under these circumstances,  the  suc t ion  w a s  i n su f -  
f i c i e n t  t o  s t a b i l i z e  the  shock wave system a t  t h a t  po in t  i n  the  d i f f u s e r .  

S imi l a r ly ,  it was not a i w c r j - ;  p:..ssihle t o  ob ta in  da ta  a t  t he  
higher  Reynolds numbers. For example , the  conf igura t ion  12"-~57;-3"-6" 
would not  remain s t a r t e d  above Reynolds number/inch = 800. 
na t ion  pressure  w a s  r a i s e d  above t h i s  po in t ,  the  shock system would 
ab rup t ly  move upstream from the  d i f f u s e r  t h r o a t .  Since t h i s  configura-  
t i o n  had a pressure  recovery t h a t  was comparable t o  the  pressure  requi red  
t o  overcome the  lo s ses  i n  the metering system, i t  is  poss ib le  t h a t  the 
metering system los ses  were ac t ing  as a p a r t i a l l y  closed valve and fo rc -  
ing the shock system forward of t he  d i f f u s e r  t h roa t .  I n  t h i s  case,  t he  
same mechanism would be involved i n  the  abrupt  movement of the  shock 
wave. I n  one case,  t he  c r u c i a l  condi t ion  is  achieved by varying the  
mass flow t h r o t t l e ,  while  i n  the o the r  case ,  it is achieved by r a i s i n g  
t h e  s t a g n a t i o n  pressure.  

As the s t a g -  
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From a comparison of the experimental ly  determined v a r i a t i o n  
of pressure recovery wi th  mass flow and the theory given by equat ions 
(9) and ( lo) ,  i t  is  apparent  t h a t  the theory serves  as adequate l i m i t s  
t o  d i f f u s e r  performance. 

B. Mass Flow Data 

Since the  d a t a  presented so  f a r  have confirmed the  v a l i d i t y  of 
the  l i m i t s  s e t  by equat ions (9) and ( l o ) ,  the remainder of t he  d i scuss ion  
w i l l  be .concerned with mass flow r a t i o s .  
t r a t e  the v a r i a t i o n  of mass flow r a t i o  wi th  Reynolds number f o r  the  
var ious  configurat ions.  The t h e o r e t i c a l  t e s t  s e c t i o n  mass flow i s  
included to  i n d i c a t e  the  magnitude of the  flow through the nozzle  pores .  

Figures  16 through 1 9  i l l u s -  

Figures 16, 1 7 ,  and 18 compare the mass flow c h a r a c t e r i s t i c s  
of a s e r i e s  of conf igura t ions  which only d i f f e r  by the  diameter of the  
cons tan t  a rea  th roa t .  The 2-inch diameter t h r o a t  and the 3-inch diam- 
e t e r  t h roa t  both fol low the  t h e o r e t i c a l  t r end ,  whi le  the  3 1/2- inch 
diameter th roa t  has a lower mass flow than expected. This reduced 
mass flow was caused'by excess ive  l o s s e s  i n  the  mass flow metering 
system which prevented the  3 1/2- inch conf igu ra t ion  from s t a r t i n g  prop- 
e r l y .  This is  i l l u s t r a t e d  by Figure 20,  which shows the  measured 
s t a t i c  pressures  i n  the  converging s e c t i o n  of the  d i f f u s e r  f o r  the 
t h r e e  conf igura t ions .  
r i s e  i n  the  s t a t i c  pressure  before  the  t h r o a t .  This pressure  r i s e  
increases  the flow through t h e  pores and r e s u l t s  i n  a lowered mass flow 
a t  the  d i f f u s e r  t h roa t .  

The 3 1/2- inch conf igu ra t ion  shows a d i s t i n c t  

Figures 16  and 19 are  the  same conf igu ra t ion  except  f o r  an 
inc rease  i n  poros i ty .  The increased po ros i ty  had a s m a l l  e f f e c t  on 
the  flow r a t e  i n  t h e  d i f f u s e r .  This i s  i n  c o n t r a s t  t o  t he  theory,  
which predicted a s i g n i f i c a n t  i nc rease  i n  flow r a t e  through the  pores .  
It w a s  found that the conf igura t ion  wi th  increased p o r o s i t y  had a lower 
s t a t i c  pressure  d i s t r i b u t i o n  along the converging s e c t i o n  of t he  d i f -  
f u s e r .  This lowered s t a t i c  p res su re  would y i e l d  a reduced mass flow 
r a t e  compared t o  the  15 percent  conf igura t ion .  It w i l l  be shown i n  a 
l a t e r  s e c t i o n  t h a t ,  while  t he  l e v e l  of t he  s t a t i c  p res su re  does no t  
appear t o  be a s a t i s f a c t o r y  i n d i c a t i o n  of t he  flow through the  pores ,  
i t  a p p e a r s  that the  v a r i a t i o n  of the  s t a t i c  p re s su re  does co inc ide  
wi th  t h e  v a r i a t i o n  of mass flow. This is borne ou t  by the changes 
which occurred when a model w a s  introduced i n t o  t h e  s t ream. The 
in t roduc t ion  of the model caused very  high flow r a t e s  through the  pores ,  
and a s i g n i f i c a n t  i nc rease  i n  s t a t i c  pressure  was measured along the  
converging sec t ion  of the d i f f u s e r .  

I 

I 
In  general ,  the  t h e o r e t i c a l  and experimental  f low r a t e s  a r e  i n  

good agreement f o r  t he  conf igura t ions  wi th  no f r e e - j e t .  
l ength  of f r e e - j e t  reduced the mass flow by 5 t o  10 percent  f o r  most 

The s ix - inch  
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conf igura t ions .  
r educ t ion  i n  mass flow a t  a l l  Reynolds numbers, bu t  the inf luence  w a s  
most pronounced a t  the low Reynolds numbers. 

The in t roduc t ion  of the  model caused a s i g n i f i c a n t  

The agreement between the  t h e o r e t i c a l  and the  experimental  
va lues  of mass flow must be regarded as somewhat f o r t u i t o u s ,  s i n c e  the  
measured s t a t i c  pressures  i n  the  cont rac t ion  s e c t i o n  of the d i f f u s e r  
were s i g n i f i c a n t l y  above the  t h e o r e t i c a l  va lues  i n  a l l  cases .  Figure 
20 is  t y p i c a l  of t h i s  comparison. In  the  t h e o r e t i c a l  a n a l y s i s ,  the out-  
f low through the  pores was assumed t o  be nea r ly  propor t iona l  t o  the l o c a l  
s t a t i c  pressure .  It would be expected t h a t  the  increased s t a t i c  pressure  
would r e s u l t  i n  a much higher  pore mass flow r a t e  than t h a t  pred ic ted  by 
the  theory,  which used lower s t a t i c  pressures .  This would reduce the  
mass flow r a t e  through the  d i f f u s e r  t h r o a t  compared t o  the theory.  For 
example, i f  a c a l c u l a t i o n  is made of the pore flow using the  experimen- 
t a l l y  measured pressures  (Figure 20) ins tead  of t he  t h e o r e t i c a l  values  , 
the  mass flow through the pores would be more than doubled. This did 
not  occur experimental ly ,  and no explanat ion has been found f o r  t h i s  
behavior.  

A l imi ted  i n v e s t i g a t i o n  was made of the e f f e c t  of varying the  
chamber pressure.  It w a s  found t h a t  some conf igura t ions  were unusual ly  
s e n s i t i v e  t o  small chamber pressure v a r i a t i o n s .  For example, during 
t y p i c a l  opera t ion ,  the  chamber pressure va r i ed  between 112 and 2 microns,  
depending upon the  flow r a t e .  The pressure  was  l imi t ed  by the  conduc- 
tance  of the 5-foot  diameter valve which leads  t o  the  cryopump. It w a s  
found t h a t  r a i s i n g  the  chamber pressure by 1 micron could cause a s i g n i -  
f i c a n t  change i n  mass flow and pressure recovery.  This is  i l l u s t r a t e d  
i n  Figure 21 which shows the  v a r i a t i o n  i n  d i f f u s e r  t h r o a t  mass flow wi th  
chamber pressure  f o r  a conf igura t ion  wi th  and without  a model i n s t a l l e d .  
Since the  pressures  measured on the i n s i d e  of t he  d i f f u s e r  were of the 
order  of 10 microns o r  g r e a t e r ,  i t  is  d i f f i c u l t  t o  understand how a 
chamber pressure  v a r i a t i o n  of 10 percent  of t h i s  va lue  would cause such 
a l a r g e  c i ~ a ~ g e  5:: ~ ? . i c s  flow. It seems poss ib le  t h a t  the  phenomenon t h a t  
is r e spons ib l e  f o r  t h i s  v a r i a t i o n  of pore f i u w  i~:tk cksmher pressure  may 
a l s o  be respons ib le  f o r  the  reduced values  of pore flow when compared t o  
the  t h e o r e t i c a l  va lues  assoc ia ted  wi th  the high s t a t i c  pressure  l e v e l s  
measured i n  the  d i f f u s e r .  

V I I .  COMPARISON WITH PREVIOUS EXPERIMENTS 

Rogers (1962) presented the r e s u l t s  of an  experimental  i nves t iga t ion  
of a porous cooled d i f f u s e r .  I n  these  experiments an at tempt  had been 
made t o  f a b r i c a t e  a v a r i a b l e  poros i ty  d i f f u s e r .  This was done using two 
porous concent r ic  cones. Because of the d i f f i c u l t y  i n  maintaining a l i g n -  
ment between the pores,  the leve l  of po ros i ty  was  no t  accu ra t e ly  e s t ab l i shed .  
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A f u r t h e r  d i f f i c u l t y  was encountered because only the  ou te r  cone w a s  
cooled with l i q u i d  ni t rogen.  The cool ing on the  inner  cone depended 
upon conduction from the  outer  cone. I n  the  present  a n a l y s i s ,  it has 
been assumed t h a t  the w a l l  was cooled t o  l i q u i d  n i t rogen  temperatures.  
The e f f e c t i v e  po ros i ty  was determined by making c a l c u l a t i o n s  f o r  a 
s e r i e s  of p o r o s i t i e s  and s e l e c t i n g  the  one t h a t  agreed wi th  the  exper i -  
ments a t  a s p e c i f i c  Reynolds number. It was found t h a t ,  whereas the  
po ros i ty  of t he  ind iv idua l  cones was  30 percent ,  t he  e f f e c t i v e  po ros i ty  
was 7.5 percent .  The comparison between the  t h e o r e t i c a l  and experimental  
v a r i a t i o n  of mass flow wi th  Reynolds number i s  shown i n  Figure 22. The 
poros i ty  had been s e l e c t e d  t o  agree  w i t h  the  experiment a t  Re/ in  = 1000. 
It i s  seen t h a t  t h e r e  is  genera l  agreement a t  a l l  Reynolds numbers except  
the  h ighes t .  This h ighes t  Reynolds number po in t  is  somewhat ques t ionable  
s i n c e  the  flow leaving the  nozzle  e x i t  was nonuniform and had s t rong  
compressions on t h e  ou te r  edge. While it would be expected that t h e  
s t rong  compressions would r a i s e  the  s t a t i c  p re s su re  and consequently t h e  
flow out  through the  pores of the  d i f f u s e r ,  t h i s  does n o t  appear t o  have 
been the  case. The mass flow passing through the  d i f f u s e r  t h r o a t  w a s  
g r e a t e r  than t h a t  pred ic ted  by the  theory,  which i n d i c a t e s  a lower mass 
flow passing through the  pores.  This is  another  example of the  d i f f i c u l t y  
of ca l cu la t ing  the  flow through the  pores .  

I This d i f f u s e r  conf igura t ion  was  a l s o  adve r se ly  a f f e c t e d  by the  
presence of the model i n  the  t es t  sec t ion .  When a cy l inde r  was i n s e r t e d  

Figure 23 shows a comparison between t h e  t h e o r e t i c a l  and exper i -  
mental values  of  pressure  recovery.  I n  t h i s  case, equat ions (9) and (10) 
have been used t o  c a l c u l a t e  the  l i m i t s  on the  p re s su re  recovery,  b u t  the  
experimental ly  measured mass flow has been used i n  p l ace  of the  t h e o r e t i c a l  
value.  The r e s u l t s  show t h a t  the experimental  p re s su re  r ecove r i e s  are 
s l i g h t l y  below the  minimum t h e o r e t i c a l  va lues .  This i s  t h e  r e s u l t  of 
l o s s e s  occurr ing downstream of the  t h r o a t  of  t he  d i f f u s e r .  

I CONCLUSIONS 

The r e s u l t s  of the  s e r i e s  of i n v e s t i g a t i o n s  on porous w a l l  low den- 
s i t y  wind tunnel d i f f u s e r s  have shown good agreement between theory  and 
experiments. 
t h a t  t he  l i m i t s  on t h e  pressure  recovery a t  t h e  d i f f u s e r  t h r o a t  can be 
given by the  following simple equation: 

It was pred ic ted  t h e o r e t i c a l l y  and confirmed exper imenta l ly  
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I n  t h i s  expression,  t he  cons tan t ,  C y  is u n i t y  as a lower l i m i t  and 1.65 
as an  upper l i m i t  f o r  hypersonic flow w i t h  y = 1.4. The lower l i m i t  
corresponds t o  choking a t  the d i f f u s e r  t h r o a t ,  while  the  upper l i m i t  
corresponds t o  i s e n t r o p i c  flow between the  nozzle  t h r o a t  and the  d i f -  
f u s e r  t h r o a t  followed by a normal shock. From a n  ana lys i s  of several 
nozz le-d i f fuser  combinations, i t  was concluded t h a t  the  hea t  t r a n s f e r r e d  
t o  the  w a l l s  was small and the  term TT,/T~* would n o t  vary  s i g n i f i c a n t l y  
from .85. 

A comparison of the r e s u l t s  of a computer program and the  exper i -  
mental  i n v e s t i g a t i o n  showed t h a t  the theory  a c c u r a t e l y , p r e d i c t e d  the  
v a r i a t i o n  of d i f f u s e r  t h r o a t  mass flow wi th  d i f f u s e r  t h r o a t  a r e a  r a t i o .  
It was  concluded, however, that t h i s  agreement was somewhat f o r t u i t o u s  
s i n c e  the  l e v e l  of s t a t i c  pressure  i n  the  d i f f u s e r  was much h igher  than 
the  t h e o r e t i c a l  value.  This higher s t a t i c  pressure  should have r e s u l t e d  
i n  a n  increased  mass flow ou t  through the  porous w a l l s  of the  d i f f u s e r  
and a r e s u l t a n t  decrease i n  mass flow through the d i f f u s e r  t h r o a t .  Since 
t h i s  was no t  found t o  be t h e  case,  i t  was concluded t h a t  t he  model used 
i n  c a l c u l a t i n g  the  flow through the d i f f u s e r  pores was i nco r rec t .  It is 
suggested t h a t  t h i s  is an a r e a  t h a t  warran ts  f u r t h e r  s tudy.  

It was found t h a t  introducing a model i n t o  the  s t ream caused a 
s i g n i f i c a n t  r educ t ion  i n  d i f f u s e r  t h r o a t  mass flow and pressure  recov- 
ery.  The l a r g e  decrease  i n  d i f f u s e r  t h r o a t  mass flow implies  a n  inc rease  
i n  mass flow through the  porous walls. The d i f f u s e r  s t a t i c  p res su res  
increased  when t h e  model w a s  i n s t a l l e d .  This would lead  t o  a n  increase  
i n  flow through t h e  porous walls i f  t he  flow is propor t iona l  t o  the  s t a t i c  
pressure .  

The t h e o r e t i c a l  i nves t iga t ion  ind ica t ed  t h a t  it was poss ib l e  t o  
o b t a i n  p re s su re  recover ies  approaching u n i t y  f o r  the  flow remaining i n  
the d i f f u s e r  t h r o a t .  These high p res su re  r ecove r i e s  could be obtained 
only  a t  the expense of having most of t he  flow pass through t h e  porous 

q u a n t i t y  of flow passing through t h e  d i t f u s e r  p ~ c z  2s ~ ~ 1 ~ 1 1  as the  flow 
passing through the  t h r o a t ,  i t  is necessary t o  make a t rade-of f  between 
d i f f u s e r  t h r o a t  pressure  recovery and pore mass flow. 

' w a l l s  or r he GiEfZ:cr. Since any p r a c t i c a l  design must consider  t he  
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