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ABSTRACT 

Sca le  model tests were conducted t o  eva lua te  t h e  e f f e c t i v e n e s s  of 
ae rogr ids  and punched p l a t e s  i n  producing f l a t  ve loc i ty  p r o f i l e s  downstream 
of s h o r t  d i f f u s e r s  as would be used between t h e  compressor and combustor of 
advanced a i r c r a f t  engines .  

The d i f f u s e r  had an  area r a t i o  of 4.17 and a l eng th - to - in l e t -  
The ae rogr ids  t e s t e d  were p l a t e s  conta in ing  1123 he igh t  r a t i o  of  2.07. 

contoured v e n t u r i s  i n  p a r a l l e l  wi th  geometric blockages of 83, 74, and 61 
percent ,  r e spec t ive ly .  The punched p l a t e s  contained 1123 sharp-edged 
o r i f i c e s  w i t h  blockages of 58 and 30 percent .  

The r e s u l t s  show t h a t  aerogr ids ,  w i th  higher  e f f e c t i v e  blockage 
f o r  t h e  same p res su re  l o s s ,  are more e f f e c t i v e  flow-smoothing devices  than  
t h e  punched p l a t e s .  
v e l o c i t y  p r o f i l e  becomes f l a t t e r  as e i t h e r  type  of g r i d  i s  moved c l o s e r  t o  
t h e  d i f f u s e r  e x i t  plane.  

Also, t h e  o v e r a l l  p re s su re  l o s s  decreases  and t h e  e x i t  

v i  
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SUMMARY 

Tests of 1 /3 - l inea r - sca l e  models were conducted t o  eva lua te  t h e  
e f f e c t i v e n e s s  of  ae rogr ids  and punched p l a t e s  i n  producing s t a b l e ,  rela- 
t i v e l y  f l a t  v e l o c i t y  p r o f i l e s  downstream of a very s h o r t  d i f f u s e r  l oca t ed  
between t h e  compressor and t h e  annular  combustor of a l a r g e  turbofan  engine 
f o r  supersonic  a i r c r a f t .  The ae rogr ids  t e s t e d  were p l a t e s  conta in ing  1123 
contoured v e n t u r i s  i n  p a r a l l e l .  The punched p l a t e s  contained 1123 sharp-  
edged o r i f i c e s  s i z e d  t o  g ive  t h e  same t o t a l  p ressure  l o s s e s  as corresponding 
ae rogr ids .  The o b j e c t i v e  was t o  produce accep tab le  e x i t  f low p r o f i l e s  
whi le  holding t h e  o v e r a l l  l ength  ( f u l l - s c a l e )  and o v e r a l l  t o t a l - p r e s s u r e  
l o s s  f o r  t h e  d i f f u s e r  p lus  t h e  g r i d  t o  6 inches (15.2 cm) and 3 percent  a t  
an  i n l e t  Mach number of 0.3, r e spec t ive ly .  
en t r ance  Mach number and Reynolds number ( t o  bracke t  t h e  a i r c r a f t  c r u i s e  
c o n d i t i o n  and t h e  most severe engine r e l i g h t  cond i t ion  a t  a l t i t u d e ) ,  g r i d  
blockage (percent  of  d i f f u s e r  e x i t  area), g r i d  spacing from t h e  d i f f u s e r  
e x i t  plane,  and s imula ted  c i r cumfe ren t i a l  and r a d i a l  flow d i s t o r t i o n s  a t  
t h e  d i f f u s e r  en t rance .  

The tes t  v a r i a b l e s  were d i f f u s e r  

The d i f f u s e r  t e s t e d  had an  area r a t i o  of 4.17, a l eng th - to - in l e t -  
he igh t  r a t i o  of  2.07, and a cons tan t -pressure-gradien t ,  d iverg ing  contour of  
3-inch (7.62-cm) l eng th  followed by a 1-inch (2.54-cm) length  of cons tan t -  
a n g l e  expansion t o  t h e  f u l l  annular  area of t h e  combustor. The t h r e e  aero-  
g r i d s  t e s t e d  had geometric blockage of 83, 74, and 61 percent .  The two 
punched p l a t e s  t e s t e d  had geometric blockages of 58 and 30 percent  and were 
designed t o  have t h e  same t o t a l  p ressure  lo s ses  as t h e  f i r s t  two ae rogr ids  
(83 and 74 percent  blockage, r e spec t ive ly )  a t  a d i f f u s e r  i n l e t  Mach number 
of 0.3. 

The results s h o w  t h a t  t h e  aerogr ids ,  w i t h  h igher  e f f e c t i v e  block- 
age  f o r  t h e  s a m e  p ressure  loss, are more e f f ic ien t  flow-smoothing devices 
than t h e  punched p l a t e s .  The o v e r a l l  p re s su re  loss of d i f f u s e r  p lus  g r i d  
decreases ,  and t h e  e x i t  v e l o c i t y  p r o f i l e  becomes f l a t t e r  as e i t h e r  type  of 
g r i d  i s  moved c l o s e r  t o  t h e  d i f f u s e r  e x i t  plane.  Only t h e  ae rogr id  of 83 
pe rcen t  blockage e f f e c t i v e l y  smoothed t h e  c i r cumfe ren t i a l  d i s t o r t i o n  c r e a t e d  
a t  t h e  d i f f u s e r  i n l e t  by a 64 percent  s o l i d ,  10 degree s e c t o r  sc reen .  
ever, t h e  ae rogr id  of 74 percent  blockage e f f e c t i v e l y  smoothed t h e  r a d i a l  
(hub- and t ip-peaked) inlet  flow d i s t o r t i o n s  w i t h  a t o t a l  p re s su re  l o s s  of 
3 percent  a t  an  i n l e t  Mach number of 0.3. 

How- 

INTRODUCTION 

The experimental  work descr ibed  i n  t h i s  r e p o r t  was sponsored by 
t h e  Airbrea th ing  Engines Div i s ion  of t h e  NASA L e w i s  Research Center  where 
r e sea rch  i s  being conducted on a f u l l - s c a l e  t u r b o j e t  d i f f u s e r  and combustor. 
The o b j e c t i v e  of t h i s  NASA e f f o r t  is t o  develop a diffuser-combustor combin- 
a t i o n  wi th  minimum leng th ;  a s t a b l e ,  reasonably f l a t  combustor en t rance  
v e l o c i t y  p r o f i l e ;  minimum pres su re  l o s s ;  high combustion e f f i c i e n c y ;  and a n  
optimum combustor e x i t  temperature  p r o f i l e  f o r  maximum t u r b i n e  performance. 
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A p o r t i o n  of t h i s  e f f o r t  has been concent ra ted  on t h e  development of t h e  
d i f f u s e r  a lone,  and NASA/LeRC and i t s  con t r ac to r s  have inves t iga t ed  a va- 
r i e t y  of approaches t o  d i f f u s e r  design u t i l i z i n g  t h e  i n l e t  and o u t l e t  d i -  
mensions d i c t a t e d  by t h e  o v e r a l l  engine des ign  ( re ferences  1-16). 

I n  a t u r b o j e t  wi th  a n  a x i a l  compressor, t h e  d i f f u s e r  des igner  is  
faced wi th  an  en t r ance  flow t h a t  i s  h ighly  tu rbu len t ,  wi th  a minimum bound- 
a r y  l a y e r  and s t r o n g  r a d i a l  and c i r cumfe ren t i a l  ve loc i ty  g rad ien t s  t h a t  are 
unsteady i n  na ture .  S imi l a r  d i f f u s e r  en t rance  condi t ions  have been en- 
countered wi th  ramjet engine combustion chambers used i n  supersonic  guided 
missiles.  One device  t h a t  has been used success fu l ly  t o  prevent  flow sepa- 
r a t i o n  i n  a minimum-length d i f f u s e r  s e c t i o n  i n  ramjets is an "aerodynamic 
gr id ,"  which is  a p l a t e  conta in ing  hundreds of small ven tu r i s  i n  p a r a l l e l ,  
arranged as c l o s e  toge the r  as p r a c t i c a l  i n  a hexagonal p a t t e r n .  Such a de- 
v ice ,  l oca t ed  between t h e  d i f f u s e r  and t h e  combustor, w a s  f i r s t  used on t h e  
engines f o r  t h e  Bomarc missile, and a pa ten t  w a s  i s sued  t o  t h e  Boeing Com- 
pany ( r e fe rence  16) .  This  technique has s i n c e  been app l i ed  t o  t h e  engines 
f o r  t h e  T r i t o n  and Long Range Typhon missiles developed by t h e  Applied 
Physics Laboratory of The  Johns Hopkins Univers i ty  and t o  several APL/.JHU 
explora tory  and advanced development propuls ion  programs. The bas i c  ob- 
j e c t i v e  of t h e  work r epor t ed  he re  w a s  t o  apply t h i s  design knowledge on 
aerodynamic g r i d s  t o  t h e  des ign  of annular  t u r b o j e t  d i f f u s e r s  of minimum 
leng th  . 

i 

Many o t h e r  approaches f o r  sho r t en ing  d i f f u s e r s  have been i n v e s t i -  
ga ted  i n  t h e  p a s t .  The gene ra l  problem is  t h a t  t h e  d i f f u s e r  performance de- 
c reases  as t h e  ang le  of divergence increases ,  and unacceptably high p res su re  
l o s s e s  and reg ions  of flow s e p a r a t i o n  have o f t e n  r e s u l t e d .  Considerable  re- 
sea rch  has been done using active techniques such as boundary l a y e r  s u c t i o n  
( r e fe rences  1,5,6,7,8) and s t a t i c  devices  such as vanes, a i r f o i l s ,  and vor- 
t e x  gene ra to r s  ( r e fe rences  2,3,4,7,9,10,11) t o  improve the  performance of a 
s h o r t  d i f f u s e r  by recover ing  a higher  percentage of t h e  k i n e t i c  energy of 
t h e  flow and reducing t h e  reg ion  of flow sepa ra t ion .  I n  d i f f u s e r s  f o r  wind 
tunnels ,  w i r e  s c reens  and/or  honeycomb s t r u c t u r e s  are used t o  reduce turbu-  
l ence  and smooth v e l o c i t y  p r o f i l e s  e n t e r i n g  t h e  tes t  s e c t i o n .  Round-wire 
sc reens  and sharp-edge-element sc reens  o r  p l a t e s  have a l s o  been inves t iga t ed  
( r e fe rences  12,13,14,15) as low-loss flow-smoothing devices .  

For any gr id- type  device,  inc luding  t h e  aforementioned ae rogr ids  
of i n t e r e s t  here ,  t h e  p r i n c i p l e  employed is  t o  s i z e  t h e  g r i d  holes  t o  pro- 
duce a g iven  average subsonic  t h r o a t  v e l o c i t y  f o r  a given average upstream 
flow cond i t ion ;  i f ,  i n  any l o c a l  area, t h e  v e l o c i t y  of t h e  flow impinging 
on t h e  g r i d  s u b s t a n t i a l l y  exceeds t h e  average upstream condi t ion ,  t h e  o r i -  
f i c e s  i n  t h a t  l o c a l  reg ion  w i l l  choke t h e  flow and cause a r e d i s t r i b u t i o n  of 
flow over  t h e  remaining area of  t h e  g r i d .  S ince  t h e  contoured, ventur i - type  
holes  i n  an  ae rogr id  can be designed f o r  a higher  average t h r o a t  v e l o c i t y  
f o r  a given p res su re  drop, t h i s  flow-smoothing a c t i o n  becomes more e f f e c t i v e  
than  wi th  s imple punched p l a t e s  o r  s c reens .  
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The main o b j e c t i v e  of t h e  present  research  e f f o r t  w a s  t o  compare 
t h e  e f f e c t s  of g r i d  blockage (geometric percent  s o l i d i t y  i n  g r i d  t h r o a t  
plane) ,  spac ing  from d i f f u s e r  e x i t  plane t o  g r i d  face,  and c i r cumfe ren t i a l  
and r a d i a l  (hub- and t ip-peaked) d i s t o r t i o n s  i n  v e l o c i t y  p r o f i l e s  a t  t h e  d i f -  
f u s e r  i n l e t .  
w i t h  s imple punched p l a t e s .  

A second o b j e c t i v e  was t o  o b t a i n  comparative performance d a t a  

SYMBOLS 

A flow area 

AR d i f f u s e r  area r a t i o  = &/Al 

M Mach number 

P s t a t i c  p res su re  

t o t a l  p re s su re  

dynamic p res su re  = (y/2) x PbP 
pT 

q 

R r ad ius  from engine c e n t e r l i n e  

S s o l i d i t y  = 100 (4 - At )/&, percent  

V Veloc i ty  
g r i d  

p4 - p1 
q l ( l  - 1/AR2) (For incompressible  flow) rl d i f f u s e r  e f f e c t i v e n e s s  = 

Y s p e c i f i c  hea t  r a t i o  

Supers c r i p  t 
- 

arithmetic average 

Subsc r ip t s  

0 s t i l l i n g  chamber 

1 d i f f u s e r  en t rance  

a d i f f u s e r  e x i t  (dump) 

3 upstream of ae rogr id  o r  punched p l a t e  

4 downstream of ae rogr id  o r  punched p l a t e  

I downstream of e x i t  p i t o t  rakes  

3 
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a a i r  

avg average 

E c e n t e r l i n e  

d d i f f u s e r  

i inne r  

L l o c a l  condi t ions  

max maximum 

0 outer ,  o r  open 

T t o t a l  condi t ions  

t t h r o a t  conditions 

DESIGN OF DIFFUSER, AEROGRIDS, AND PUNCHED PLATES 

D i f f u s e r  Design 

The c r i t i c a l  condi t ions  f o r  designing t h e  d i f f u s e r  are: 1) t h e  
c r u i s e  condi t ion ,  because t h e  p re s su re  l o s s  during c r u i s e  must be he ld  t o  
a minimum i n  t h e  i n t e r e s t  o f  f u e l  economy, and 2) t h e  most s eve re  cond i t ion  
a t  which r e l i g h t  might be requi red ,  because any flow-smoothing device  must 
no t  choke (ove ra l l )  a t  t h i s  cond i t ion  and thereby f u r t h e r  reduce combustor 
p re s su re .  
f i ned  as shown i n  t h e  upper p a r t  of Table I. 

For t h e  p re sen t  s tudy  t h e  c r u i s e  and r e l i g h t  condi t ions  were de- 

4 
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TABLE I - DESIGN CONDITIONS AND DIMENSIONS 
FOR ANNULAR DIFFUSER 

Desim conditions, diffuser entrance 

Airflow, & : Full-scale, lb/s (kg/s) a 
Model-scale, lb/s (kg/s) 

Total temperature, TT , “F (“C) 
0 

Total pressure, P , psia (N/$) 
T, 

Mach number, M, 

Dimensions and geometric ratios 

Diffuser entrance radii and area: 
to inner wall, in. (cm) 
to outer wall, in. (cm) 

Ri, , 

A,, flow area, in.” (cr?) 

Diffuser exit radii and area: 
R , to inner wall, in. (cm) 
R , to exit wall, in. (em) i2 

03 I 
= (Ri,+ R ) / 2 ,  in. (cm) 

Ravg, 02 

A,, flow area, in.” (cm”) 

Diffuser lengths: 
Ad, divergent section, in. (cm) 

AT , total inc. grid, in. (cm) 
max 

Entrance height/length ratio, 

Exit/entrance area ratio, A, /Al 

For Cruise 

110 ( 5 0 )  

12.2 (5 .56)  

1200 (648)  

90 (6.2 x 106) 

0.305 

1/3-~cale 
Model 

4.667 (11.85) 

5.313 (13.50) 

4.990 (12.67) 

20.24 (130.6) 

3.803 (9.66) 

6.428 (16.33) 

5.116 (12.99) 

84.49 (545.1) 

1.333 (3 .39)  

2.000 (5 .08)  

2.07 

4.17 

For Relight 

16.5 (7 .5 )  

1.83 (0 .833)  

100 (37.8) 

6 (4.14 x lo4) 

0.434 

S imula t ed 
Full Scale 

14.00 (35.56) 

15.94 (40 .48)  

14.97 (38.02) 

182.5 (1177) 

11.41 (28.98) 

19.28 (48.97) 

15.35 (38.98) 

759.3 (4990) 

4.00 (10.16) 

6.00 (15.24) 

2.07 

4.17 

5 
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The engine s i z e  of i n t e r e s t  was one having an  annular  combustor 
of  approximately 40-inch (102-cm) OD, wi th  a flow area of  approximately 5 .3  
f ee t a  (0.5 $1, preceded by a s h o r t  annular  d i f f u s e r  with approximately a 
4 : l  area r a t i o  ( e x i t  t o  i n l e t )  and a length  below t h e  6.6-inch (16.8-cm) 
l eng th  a l r eady  being used f o r  t h i s  engine s i z e .  It was decided t h a t  t h e  
combined l eng th  of a new, s h o r t e r  d i f f u s e r  and a flow-smoothing g r i d  should 
not  exceed 6 inches (15.2 cm),  and t h a t  u se  of 1 /3 - l inea r - sca l e  models 
(having 1 /9  t h e  f u l l - s c a l e  c r o s s - s e c t i o n a l  areas) would provide s a t i s f a c -  
t o r y  aerodynamic s imula t ions  and would permit adequate ins t rumenta t ion .  
The model dimensions se l ec t ed ,  and t h e  corresponding f u l l - s c a l e  dimensions, 
a re  given i n  t h e  lower p a r t  of Table  I .  

Various d i f f u s e r  designs were considered, and it was decided, 
based on unreported test  d a t a  and experience from t h e  Long Range Typhon ram- 
j e t  work mentioned i n  t h e  In t roduct ion ,  t o  devote  3 i n .  (7.6 cm) of t h e  4- in ,  
(10.2-cm) d i f f u s e r  length  Ad t o  cons tan t -pressure-gradien t  contours .  The 

l a s t  inch  (2.5 cm) then would use  cons tan t  divergence angles  t o  reach  the  
e x i t  r a d i i  of t h e  annulus .  The contours  selected are shown i n  f igu res  1 
and 2. The f e a t u r e s  of t h i s  des ign  may be s ta ted fu r the r  as follows: 

1) The c r u i s e  cond i t ion  (Table I) is  t h e  r e fe rence  condi t ion .  

2) The cons tan t -pressure-gradien t  s e c t i o n  d i f f u s e s  t h e  flow 
( t h e o r e t i c a l l y )  from Mach 0.3 t o  Mach 0.2. 
ha l f - ang le  of  8.9 degrees.  

It  has an  equiva len t  con ica l  

3) The downstream divergent  s ec t ion ,  c a l l e d  t h e  dump sec t ion ,  
provides  adequate  r a d i a l  flow area forward of t h e  g r i d  t o  ensure  unre- 
s t r i c t e d  flow t o  t h e  ou te r  ho les  of  t h e  ae rogr id  o r  punched p l a t e .  Provi-  
s i o n s  were made f o r  t e s t i n g  t h e  g r i d s  a t  two g r id - f ace  loca t ions ,  0.10 i n .  
(0.25 cm) and 0.25 i n .  (0.63 cm) downstream from t h e  d i f f u s e r  e x i t  plane.  

Aeronrid Design 

Three ae rogr ids ,  des igna ted  A, B, and C (see f i g u r e s  3 through 5) 
were designed i n  sequence as t e s t i n g  proceeded. 
was e s t a b l i s h e d  as fol lows.  

The design of ae rogr id  A 

Previous experience w i t h  ae rogr ids  ind ica t ed  t h a t ,  f o r  good flow 
d i s t r i b u t i o n  wi th  minimum pres su re  lo s s ,  t h e  v e n t u r i  t h r o a t  Mach number 
should be nea r  0.6 a t  t h e  des ign  condi t ion .  
ca t ion ,  a compromise was needed between t h e  r e l i g h t  cond i t ion  (which would 
choke f i r s t  because of t h e  lower p re s su re  and lower Reynolds number) and 
t h e  c r u i s e  condi t ion .  The Typhon ramjet aerogr id ,  which had ven tu r i s  of 
0.221-inch (0.56-cm) t h r o a t  diameter showed a sha rp  drop i n  p re s su re  re- 
covery when t h e  t h r o a t  Reynolds number f e l l  below 30,000. To be  conserva- 
t i v e ,  it w a s  decided t h a t  ae rogr id  A should be designed t o  avoid (by a 
small margin) choking a t  a t h r o a t  Reynolds number of 50,000 a t  t h e  r e l i g h t  
condi t ion .  

However, f o r  t h e  present  a p p l i -  
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The d e s i r e d  g r i d  th ickness  (ven tu r i  length)  w a s  1.75 i n .  (4.44 
cm) o r  less, and a well-shaped v e n t u r i  has a length / throa t -d iameter  r a t i o  
near  4 (see f i g u r e  6) .  Parametr ic  c a l c u l a t i o n s  f o r  designs i n  t h i s  v i c i n -  
i t y  i nd ica t ed  t h a t  a des ign  which j u s t  choked a t  t h e  r e l i g h t  cond i t ion  
would have a t h r o a t  Mach number of 0.52 a t  t h e  c r u i s e  condi t ion .  A s l i g h t  
back-off from t h e s e  values  (by an  a r b i t r a r y  6% inc rease  i n  t h r o a t  s i z e )  l ed  
t o  t h e  f u l l - s c a l e  parameters l i s t e d  i n  Table I1 f o r  ae rogr id  A. 

i 
~ 

TABLE I1 - FULL-SCALE DESIGN PARAMETERS FOR AEROGRID A 

Throat Mach number a t  t h e  r e l i g h t  cond i t ion  = 0.76 

Throat  Mach number a t  t h e  c r u i s e  condi t ion  = 0.48 

Hole t h r o a t  diameter = 0.383 in.(0.97 cm) 

Number of ho les  = 1123 

T o t a l  t h r o a t  area = 129.4 ina (840 cmZ) 

The design of ae rogr id  B was based on t h e  r e s u l t s  obtained from 
a e r o g r i d  A. 
con f igu ra t ion  w a s  3% a t  MI = 0.3. 
g r i d  A t h e  t o t a l  p re s su re  l o s s  f o r  d i f f u s e r  p lus  ae rogr id  was 5.3% ( i . e . ,  

The t a r g e t  t o t a l  p re s su re  l o s s  f o r  t h e  d i f f u s e r  p lus  ae rogr id  
Test da t a  (Run 4) showed t h a t  f o r  aero-  

t i o n s * a t  these condi t ions  showed a divergence lo s s  from t h e  ven tu r i s ,  

o f  0.167. S ince  [q/PT] = 0.138 a t  Mt = 0.48, and - , ('T3 - ' T 4 ) / 9 t r  t t 3  Tt  
t h i s  y i e l d s  t h e  fol lowing es t imated  t o t a l  p re s su re  l o s s  ac ross  ae rogr id  A: 

By d i f f e r e n c e  t h e  estimated l o s s  f o r  t h e  d i f f u s e r  w a s  0.053 - 0.023 = 0.03, 
o r  3%. 

S ince  t h e  o v e r a l l  t o t a l  p re s su re  l o s s  of 5.3% f o r  ae rogr id  A was 
unacceptably high, ae rogr id  B was designed t o  have a g r i d  t h r o a t  Mach num- 
b e r  of 0.3, such t h a t  

gence l o s s  (0.167) as was used f o r  ae rogr id  A, t h e  es t imated  t o t a l  p re s su re  
loss ac ross  ae rogr id  B was (0.167)(0.059) = 0.0098, o r  less than  h a l f  t h a t  
f o r  ae rogr id  A. The corresponding t h r o a t  diameter f o r  ae rogr id  B w a s  0.155 
in .  (0.393 cm), o r  1.125 times t h a t  of ae rogr id  A. F igure  6 s p e c i f i e d  t h e  
v e n t u r i  contours  f o r  ae rogr ids  A and B. 

= 0.059. Using t h e  same estimate f o r  d ive r -  I q/pT I t 
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Parameter 

Throat diameter, in. (cm) 

Throat  area, A t ( 1 1 2 3  ven tu r i s ) ,  

in.2 (cm2) 

Percent  blockage, x 100 
A, - AL 

4a 

Aerogrid C (Figure 5) was designed t o  reduce f u r t h e r  t h e  t o t a l  
p re s su re  l o s s  and f l a t t e n  t h e  pa rabo l i c  e x i t  v e l o c i t y  p r o f i l e  exh ib i t ed  by 
g r i d  B. The c e n t r a l  co re  holes  were kept  a t  t h e  0.155 i n .  (0.393 cm) diam- 
e ter  s p e c i f i e d  f o r  g r i d  B, bu t  t h e  inne r  and ou te r  holes  were enlarged t o  
0.240-in. (0.609-cm) diameter,  s o  t h a t  t h e  flow would spread more t o  t h e  
inne r  and ou te r  ho les .  

Aeronrid A AeroPrid B Aeronrid C 
0.155(0.394)a 0.1277 (0.324) 0.155 (0.394) o. 250 (o, 610) b 

14.34 (92.5) 21.6 (139.4) 33.32 (215.0) 

83 74 61 

Table 111 summarizes the  des ign  s p e c i f i c a t i o n s  f o r  t h e  t h r e e  1/3- 
scale ae rogr id  models. 

TABLE 111 

SPECIFICATIONS FOR 1/3-SCALE AEROGRID MODELS 
Each h a s  1123 holes  and is  0.487 in.(1.237 cm) t h i c k  

a For 460 c e n t r a l  c o r e  holes  (midway i n  annulus) 

For 663 inne r  and ou te r  ho les  ( t o t a l ,  a + b = 1123 holes)  

Punched P l a t e  Desijzn 

s igned  t o  have t h e  same t o t a l  p re s su re  l o s s e s  as ae rogr ids  A and B, respec-  
t i v e l y ,  a t  M, = 0.3. The number of ho les  (1123) and hole  p a t t e r n  were kept  
t h e  same as those  of t h e  ae rogr ids .  The theory developed i n  r e fe rence  15 
f o r  low-velocity flow through sharp-edged o r i f i c e s  was used. For punched 
p l a t e  A, t h e  l o s s  c o e f f i c i e n t ,  [ PT3- PT4)/q3, was c a l c u l a t e d  a s  follows: 

A t  MI = 0.3, % = 0.072, and 

s u r e  l o s s  of ae rogr id  A, 

Punched p l a t e s  A and B (Figures  7 and 8, r e spec t ive ly )  were de- 

q/PT = 0.0036. To match t h e  2.3% t o t a l  pres-  
3 

This  loss c o e f f i c i e n t  corresponds (per  r e f .  15) t o  a blockage of 58% y i e l d -  
ing  a ho le  diameter of 0.200 inch  (0.508 cm) f o r  punched p l a t e  A.  
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I n  a l i k e  manner, punched p l a t e  B was designed t o  match t h e  t o t a l  
p re s su re  l o s s  of 0.98% a t  M, = 0.3 f o r  aerogr id  B. The l o s s  c o e f f i c i e n t  w a s  
computed t o  be 0.86, which requi red  a blockage of 30% and a ho le  diameter of 
0.259 inch  (0.657 cm) .  

No punched p l a t e  C w a s  designed because t h e  test r e s u l t s  f o r  aero-  
g r i d  C showed no improvement over ae rogr id  B, leaving no reason t o  f a b r i c a t e  
a t h i r d  punched p l a t e .  

TEST APPARATUS AND INSTRUMENTATION 
1 
I 

Flow System 
Figure  9 shows t h e  o v e r a l l  experimental  se tup .  A i r  i s  suppl ied  t o  

t h e  connected p ipe  t es t  r i g  a t  pressures  from 1200 t o  125 p s i a  (8.3 x lo6 t o  
0.9 x 108 N/$) and a t  ambient temperatures from remotely loca ted  a i r  s t o r -  
age  tanks.  The a i r f l o w  t o  t h e  model i s  con t ro l l ed  by a choked ASME long- 
r a d i u s  nozzle .  The range of test  Reynolds numbers i s  c o n t r o l l e d  by schedul-  
i n g  var ious  a i r f l o w  rates. A t  each a i r f low,  t h e  p re s su re  level i n  t h e  model 
is va r i ed  by r e s t r i c t i n g  t h e  model e x i t  i n  order  t o  ob ta in  t h e  des i r ed  range 
of i n l e t  Mach numbers (0.15 t o  0.45). With a choked nozzle  upstream of t h e  
model c o n t r o l l i n g  t h e  i n l e t  a i r f l o w  rate, choked ASME long-radius  nozzles  a t  
t h e  e x i t  provide an a c c u r a t e  means of c o n t r o l l i n g  t h e  p re s su re  level i n  t h e  
model a t  cons tan t  i n l e t  a i r f l o w  rates. 

I 

For t h e  h igh  a i r f lows ,  18 and 11 lb / sec  (8.2 and 5.0 kg/sec),  t h e  
a i r  d ischarg ing  from t h e  d i f f u s e r  i s  exhausted t o  t h e  atmosphere. For t h e  
low a i r f lows ,  2 and 3 lb / sec  (0.91 and 1.36 kg/sec),  t h e  exhaust i s  con- 
nec ted  t o  a steam e j e c t o r ,  which produces t h e  requi red  vacuum t o  ensure t h a t  
t h e  e x i t  nozzles  are choked. 

Uniform, low-velocity flow was  produced i n  t he  s t i l l i n g  chamber 
upstream of  t h e  d i f f u s e r  by use  of a c e n t r a l  b a f f l e  p l a t e  immediately down- 
stream of  t h e  i n l e t  nozzle,  and a 36%-open-area screen  a t t ached  t o  r a d i a l  
suppor t  arms ( r e s u l t i n g  i n  a n e t  26 percent  open flow area) a t  t h e  en t rance  
t o  t h e  s t i l l i n g  chamber. 

The test  s e c t i o n  (approximately 7.8 f e e t  (2.4 m) i n  length)  is 
composed of f i v e  c y l i n d r i c a l  p ipe  segments which begin a t  t h e  a i r f l o w  nozz le  
e x i t  plane and end downstream of t h e  ae rogr id  e x i t  s t a t i o n .  The d i f f u s e r  
and ae rogr id  assembly is contained i n  a 14-inch (35.56-cm)-OD x 3/4-inch 
(L.SO-cm)-wall steel p ipe  which is held between t h e  i n l e t  s t i l l i n g  chamber 
s e c t i o n  and t h e  d i f f u s e r  exhaust s e c t i o n  by two grooved p ipe  j o i n t  clamps. 
I n  a d d i t i o n  t o  s e v e r a l  clamps, t h e  segmented test  r i g  i s  held r i g i d l y  i n  
alignment by t h r e e  one-inch-diameter steel  draw bars .  

D i s t o r t i o n  Elements 

Two types of i n l e t  flow d i s t o r t i o n  were used t o  eva lua te  t h e  
a b i l i t y  of  a n  ae rogr id  t o  smooth d i s t o r t e d  flow. A c i r cumfe ren t i a l  d i s t o r -  
t i o n  was generated by p l ac ing  a 10" s e c t o r  of 36% open wire sc reen  ac ross  
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t h e  two i n l e t  bellmouth s e c t i o n s  a t  t h e  3 o 'c lock  c i r cumfe ren t i a l  l oca t ion .  
This s e c t o r  of s c reen  produced a uniform, 25% lower than  average, ve loc i ty  
p r o f i l e  ac ross  t h e  i n l e t  annular  gap a t  3 o ' c lock  while  not  a f f e c t i n g  the  
i n l e t  v e l o c i t y  p r o f i l e  a t  e i t h e r  t h e  9 o r  1 2  o ' c lock  pos i t i ons .  
s igned t o  be manually r o t a t e d  i n t o  p o s i t i o n  and was used wi th  both t h e  aero-  
g r i d s  and punched p l a t e s .  

I t  w a s  de- 

The second type of i n l e t  flow d i s t o r t i o n  was a hub- o r  tip-peaked 
r a d i a l  p r o f i l e  generated by removing one o r  t h e  o ther  of t h e  e l l i p t i c a l l y -  
shaped bellmouth r i n g s  a t t ached  a t  t he  lead ing  edge of t h e  i n l e t  annulus, 
thereby fo rc ing  a slower flow i n t o  t h e  i n l e t  on t h e  s i d e  from which the  b e l l -  
mouth s e c t i o n  w a s  removed. Both hub- and t ip-peaked i n l e t  flow d i s t o r t i o n s  
were inves t iga t ed .  Both of  t hese  r a d i a l  d i s t o r t i o n s  produced v e l o c i t y  pro- 
f i l e s  w i t h  d i f f e rences  between maximum and minimum po in t s  of approximately 
40%. 

Ins  t rumen t a  t i o n  
The t o t a l  and s t a t i c  pressure  measurements, w i t h  t h e  except ion of 

two r e fe rence  pressures ,  were made using scaniva lves  and d i f f e r e n t i a l  p res -  
s u r e  t ransducers .  
i n  accu ra t e ly  e s t a b l i s h i n g  the  p re s su re  r ise t i m e  i n  r e l a t i o n  t o  t h e  switch- 
ing ra te  i n  t h e  scaniva lves  and matching as c l o s e l y  as p o s s i b l e  t h e  d i f f e r e n -  
t i a l  range between t h e  r e fe rence  pressures  and t h e  sample pressures  t o  the  
ranges of commercially a v a i l a b l e  d i f f e r e n t i a l  p ressure  t ransducers .  

For maximum accuracy i n  t h e  data ,  much e f f o r t  was spent  

The ins t rumenta t ion  l i s t  i s  shown i n  Appendix A,  Table A - I .  The 
f i r s t  column i n d i c a t e s  s t a t i o n  number, where appropr i a t e ,  and the second 
column shows equ iva len t  f u l l - s c a l e  a x i a l  l oca t ions  r e l a t i v e  t o  the  d i f f u s e r  
en t rance  ( s t a t i o n  1). Some c i r cumfe ren t i a l  l oca t ions  were o f f s e t  s l i g h t l y  
from the  nominal o ' c l o c k  pos i t i ons  t o  avoid wake i n t e r f e r e n c e  between up- 
stream and downstream rakes.  

A s  shown i n  f i g u r e  1, t h r e e  t o t a l  p ressure  rakes  were used a t  the 

These rakes  were loca ted  1 in.  (2.54 cm) upstream from 
d i f f u s e r  i n l e t  w i th  probes spaced r a d i a l l y  t o  provide an  area-weighted aver- 
age t o t a l  pressure.  
the  beginning of the  d i f f u s e r  en t rance  ( s t a t i o n  1)  and were considered t o  
r ep resen t  t o t a l  p ressure  a t  s t a t i o n  1. A f ive-probe rake  w a s  loca ted  a t  the  
1 2  o ' c l o c k  p o s i t i o n  c i r cumfe ren t i a l ly ,  and three-probe rakes  were loca ted  
a t  3 o ' c l o c k  and 9 o 'c lock ,  r e spec t ive ly .  A l l  of these  probes were connect- 
ed t o  a 48-port  scanivalve.  There were e leven  primary pressures  and one 
r e fe rence  p res su re ,  each of which was manifolded t o  four  po r t s  i n  order  t o  
f i l l  t he  48-port  capac i ty  of the  scanivalve.  The o t h e r  s i d e  of t he  scani -  
va lve  was connected t o  a 15-psid (1 x 10' N / G )  d i f f e r e n t i a l - p r e s s u r e  t r ans -  
ducer on the  high-pressure s i d e ,  and the  re ference  pressure  w a s  connected t o  
the  low-pressure s i d e  of t he  same transducer .  Therefore ,  a l l  i n l e t  t o t a l  
p ressures  were read as d i f f e r e n t i a l  p ressures  referenced t o  the  s t a t i c  pres-  
s u r e  i n  t h e  v i c i n i t y  of the 1 2  o ' c lock  rake pos i t i on  a t  s t a t i o n  1. 

The abso lu te  va lue  of the  primary r e fe rence  pressure  ( the  s t i l l -  
ing chamber s t a t i c  pressure  a t  s t a t i o n  0 i n  f i g u r e  1) was measured by a 
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0-250 p s i  (0-1.7 x lo6 N/$) s t ra in-gage  type pressure  t ransducer .  Each of 
t he  scaniva lve  r e fe rence  pressures  was then determined by measuring the  d i f -  
f e r e n t i a l  p re s su re  between the  des i r ed  re ference  pressure  and the  pr imary  
r e fe rence  p res su re  and then s u b t r a c t i n g  t h a t  d i f f e r e n t i a l  p ressure  from the  
primary r e fe rence  pressure.  

The d i f f u s e r  w a l l  s t a t i c  pressures  were connected i n  a l i k e  man- 
n e r  t o  a scaniva lve  and a 15-psid ( 1  x 106 N/ma) d i f f e r e n t i a l - p r e s s u r e  t r ans -  
ducer. The r e fe rence  pressure  f o r  a l l  wal l  s t a t i c  pressures was the  3 
o ' c lock  s t i l l i n g  chamber s t a t i c  pressure  (which was connected t o  the  high- 
pressure  s i d e  of t he  t ransducer) .  

t The d i f f u s e r  ex l t  t o t a l  p ressures  were measured using th ree  t o t a l -  
, pressure  rakes ,  a ten-probe rake a t  12  o 'c lock ,  and f i v e  probe rakes a t  3 

o ' c lock  and 9 o ' c lock ,  wi th  the  probes r a d i a l l y  spaced so as t o  provide an 
area-weighted average t o t a l  pressure.  A l l  t h r ee  e x i t  rakes  were located 
a x i a l l y  a t  s t a t i o n  10, referenced t o  f u l l  s ca l e .  They were connected t o  a 
scaniva lve  and a 1-psid (7 x lo3 N/$) d i f f e r e n t i a l  p ressure  t ransducer .  
For tests wi th  no flow r e s i s t a n c e  upstream of the rakes,  i . e . ,  no aerogr id  
o r  punched p l a t e ,  a 10-psid (7 x lo4 N/m2) t ransducer  was used i n  p lace  of 
t he  1-psid (7 x lo3)  un i t .  
ou te r  wall  s t a t i c  i n  the  v i c i n i t y  of t he  1 2  o ' c lock  rake a t  the  same a x i a l  
loca t ion .  

The re ference  pressure  f o r  t h i s  u n i t  was the  

The s t i l l i n g  chamber s t a t i c  pressures ,  t he  a i r f l o w  nozzle  i n l e t  
p re s su res ,  and the  model o u t l e t  wal l  s t a t i c  pressures  were measured using 
s t ra in-gage- type  abso lu te  pressure  gages. 

The s i x  probes of the boundary-layer rake ( a l s o  shown i n  f i g u r e  1) 
and the  ad jacent  w a l l - s t a t i c  probe used a s  the rake re ference  pressure  were 
ind iv idua l ly  connected t o  seven solenoid va lves ,  a l l  of which w e r e  manifolded 
t o  a 6-psid (4 x lo4 N/m2) d i f f e r e n t i a l  p ressure  t ransducer .  The boundary- 
l a y e r  rake w a s  pos i t ioned  a t  6 o 'c lock  a t  s t a t i o n  1, the  beginning of t he  
d i f f u s e r  divergence. 

The a i r f l o w  nozzle  i n l e t  temperatures,  t he  s t i l l i n g  chamber a i r  
temperatures ,  and the  model o u t l e t  a i r  temperatures were measured with 
chromel/alumel thermocouples. 

Performance Parameters 

The l o c a l  v e l o c i t y  a t  each p i t o t  probe p o s i t i o n  was computed by 
using the  measured rake p i t o t  p ressure ,  the  measured s t a t i c  pressure  on the  
body a t  t he  rake  s t a t i o n  ( thereby assuming a uniform s t a t i c  pressure  d i s t r i -  
bu t ion  ac ross  the  annular  s e c t i o n s ) ,  and a l o c a l - t o - t o t a l  temperature r a t i o  
based on the  Mach number ca l cu la t ed  from the  measured s t a t i c - t o - t o t a l  pres- 
s u r e  r a t i o  a t  each rake probe. Each l o c a l  v e l o c i t y  VL was then normalized 

by d iv id ing  by the  a r i t h m e t i c  average V of a l l  v e l o c i t i e s  computed f o r  
avg 

t h a t  rake. To i l l u s t r a t e  the  c i r cumfe ren t i a l  d i s t o r t i o n  produced by the  10" 

11 
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s e c t o r  sc reens ,  however, V L ' s  f o r  t h e  3 o 'c lock  s t a t i o n  ( i n  t h e  wake of  t h e  

screens)  were normalized by V f o r  t h e  12 o 'c lock  s t a t i o n .  
avg 

The o v e r a l l  t o t a l  p re s su re  recovery of t he  d i f f u s e r  and flow re- 
s i s t a n c e  element w a s  computed as t h e  r a t i o  of t h e  mass-weighted t o t a l  pres-  
s u r e s  a t  t h e  e x i t  r ake  t o  t h a t  of t h e  i n l e t  rake.  
a s i n g l e  s ta t ic  t a p  a t  t h e  dump s t a t i o n ,  t h e  area a t  t h a t  s t a t i o n ,  and t h e  
computed i n l e t  mass flow, were used t o  determine t h e  t o t a l  p ressure  a t  t h e  
d i f f u s e r  e x i t .  

For d i f fuse r - a lone  tests, 

RESULTS AND DISCUSSION 

T e s t  Var iab le  Ranges 

Twenty tes t  runs were made a t  t h e  blow-down f a c i l i t y  of t h e  Pro- 
pulsion Research Laboratory a t  APL. The principal test variables, diffuser 
i n l e t  Mach number and Reynolds number, were va r i ed  over t h e  ranges 0.15 < 
M, < 0.45 and 60 x 103 < R e  < 675 x 103, r e spec t ive ly .  
i t y  p r o f i l e s  were found t o  be i n s e n s i t i v e  t o  Mach number, as i l l u s t r a t e d  i n  
f i g u r e  10, most of t h e  comparisons presented  h e r e i n a f t e r  are  f o r  a d i f f u s e r  
i n l e t  Mach number of approximately 0.3. 

Because t h e  veloc-  

The test  ma t r ix  i s  shown i n  Appendix A, Table A-11.  Two gr id - f ace  
p o s i t i o n s  were t e s t e d  ( r e f e r  t o  f i g u r e  2).  
i n .  (0.254 cm) downstream from s t a t i o n  2 ( d i f f u s e r  dump plane),  and t h e  " a f t  
pos i t ion"  w a s  0.25 i n .  (0.635 cm) downstream from s t a t i o n  2. 

The "forward pos i t ion"  was 0.10 

Resul t s  f o r  Aerodynamic Grids  a t  t h e  Forward P o s i t i o n  

o c i t i e s  a t  t h e  w a l l  t han  i n  t h e  core)  e x i t  v e l o c i t y  p r o f i l e .  However, as 
previous ly  noted, t h e  o v e r a l l  t o t a l  p re s su re  l o s s  a t  M, = 0.3 of 5.3% w a s  
unacceptably high, t h e r e f o r e  ae rogr id  B was designed and t e s t e d .  The la t ter  
w a s  t h e o r e t i c a l l y  designed t o  have a 1% t o t a l  p re s su re  drop ac ross  t h e  g r id .  
When i t  was t e s t e d  w i t h  t h e  d i f f u s e r ,  t h e  measured o v e r a l l  t o t a l  p ressure  
l o s s  w a s  3% a t  M, = 0.3. 
v e l o c i t y  p r o f i l e  w a s  pa rabo l i c  -- not  as f l a t  as t h e  p r o f i l e  from g r i d  A -- 
and t h e  peak of t h e  p r o f i l e  w a s  skewed toward t h e  inner  w a l l ,  as seen  i n  
f i g u r e  11. 

Aerogrid A produced a very f l a t  b u t  s l i g h t l y  inve r t ed  (higher  ve l -  

However, due t o  i t s  decreased s o l i d i t y ,  i t s  e x i t  

For ae rogr id  C, which had l a r g e r  ou te r  and inne r  ho les  than  aero-  
g r i d  B as previous ly  discussed,  t h e  e x i t  v e l o c i t y  p r o f i l e  ( f i g u r e  12) w a s  
more peaked, and t h e  flow sepa ra t ed  ac ross  t h e  ou te r  t e n  percent  of t h e  an- 
n u l a r  he ight .  Therefore,  t h i s  des ign  w a s  e l imina ted  from f u r t h e r  t e s t i n g .  

E f f e c t  o f  D i s t o r t e d  I n l e t  Flow 

A t  t h e  i n l e t  t o  t h e  d i f f u s e r ,  t h e  10" sec to r ,  wire-screen, r a d i a l  
element produced a c i r cumfe ren t i a l  d i s t o r t i o n  of uniform 25% lower ve loc i ty  

1 2  
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ac ross  t h e  i n l e t  he ight  a t  3 o ' c lock  whi le  not a f f e c t i n g  t h e  i n l e t  v e l o c i t y  
p r o f i l e  a t  e i t h e r  t h e  9 o r  12 o ' c lock  pos i t i ons  ( f i g u r e  13). F igures  14 
and 15 show t h e  e f f i c i e n c y  of  ae rogr ids  A and B ( a t  t h e  forward pos i t i on )  
i n  smoothing t h i s  c i r cumfe ren t i a l  d i s t o r t i o n .  The curves f o r  t h e  3 o ' c lock  
r ake  behind each ae rogr id  ( v e l o c i t i e s  normalized t o  V f o r  t h e  12 o ' c lock  

rake)  show t h a t  ae rogr id  A e f f e c t i v e l y  smoothed most of t h e  wake generated 
by t h e  c i r cumfe ren t i a l  d i s t o r t i o n  element ( f i g u r e  14). I n  c o n t r a s t ,  t he  3 
o ' c lock  rake  behind ae rogr id  B i nd ica t ed  e s s e n t i a l l y  zero ve loc i ty ,  i .e.,  a 
r eg ion  of s epa ra t ed  flow s t i l l  p e r s i s t e d  ( f i g u r e  15). 

avg 

I n  f i g u r e  1 3  t h e  i n l e t  p r o f i l e s  of  t i p -  and hub-peaked r a d i a l  d i s -  

Only ae rogr id  
t o r t i o n  are  a l s o  shown. The minimum ve loc i ty  f o r  bo th  of t hese  r a d i a l  d i s -  
t o r t i o n s  i s  approximately 40% less than  t h e  maximum ve loc i ty .  
B w a s  t e s t e d  ( a t  t h e  forward pos i t i on )  wi th  t h e s e  r a d i a l  d i s t o r t i o n s .  Fig.  
16 shows how i t  smoothed a t ip-peaked r a d i a l  d i s t o r t i o n ,  which i n  an  open 
duc t  produced a sepa ra t ed  flow i n  t h e  innermost 60% of t h e  annulus he ight .  
With ae rogr id  B, t h e  e x i t  flow p r o f i l e  was r e l a t i v e l y  smooth and parabol ic ,  
w i th  flow s e p a r a t i o n  only on t h e  innermost 10% of the  annulus he ight .  Fig.  
1 7  i l l u s t r a t e s  t h e  smoothing achieved f o r  a hub-peaked r a d i a l  d i s t o r t i o n ;  i t  
p resen t s  almost a mirror-image dup l i ca t ion  of t h e  smoothing of t h e  t i p -  
peaked d i s t o r t i o n .  F igure  18 compares t h e  r egu la r ,  t ip-peaked and hub- 
peaked p r o f i l e s  downstream of aerogr id  B. 

Comparison of Resul t s  f o r  Punched P l a t e s  and Aerodynamic Grids  

Theore t i ca l ly ,  punched p l a t e s  A and B were designed t o  have t h e  
same t o t a l  p re s su re  drops as ae rogr ids  A and B, r e s p e c t i v e l y  ( i n  t h e  f o r -  
ward pos i t i on )  a t  M, = 0.3 ( f i g .  19).  The tes t  r e s u l t s  shown i n  f i g u r e  20 
summarize t h e  o v e r a l l  p re s su re  l o s s  c h a r a c t e r i s t i c s  of t h e  ae rogr ids  and 
punched p l a t e s  and compare them t o  t h e  d i f fuse r - a lone  p res su re  l o s s .  Fig.  
21 p resen t s  t h e  same r e s u l t s  i n  terms of t h e  comparison of t h e  d i f f u s e r -  
ef fect iveness  7 ,  which i s  defined as the ra t io  o f  the actual t o  the ideal 
i n c r e a s e  i n  s t a t i c  pressure  of t h e  a i r  passing through t h e  d i f f u s e r .  It 
should be noted he re  t h a t  t h e  d i f f u s e r  e f f e c t i v e n e s s  parameter, 7 ,  w a s  de- 
r i v e d  f o r  incompressible  flow. The test  d a t a  presented  i n  f i g u r e  21 were 
c a l c u l a t e d  us ing  t h e  incompressible  equat ion.  Accounting f o r  compress ib i l i t y  
would inc rease  t h e  e f f e c t i v e n e s s  from approximately one t o  f i v e  percent  f o r  
i n l e t  Mach numbers of 0.15 t o  0.45, r e spec t ive ly .  I n  t h i s  r e p o r t  t h e  ef-  
f e c t  of compress ib i l i t y  i n  t h e  d i f f u s e r  e f f e c t i v e n e s s  parameter i s  neglec ted .  
It  would be expected, of course,  t h a t  a n  open duc t  contoured over t h e  f u l l  
a v a i l a b l e  length  ( inc luding  t h e  l eng th  occupied by a g r i d  i n  these  tests) 
would have had a h igher  e f f e c t i v e n e s s  than  t h i s  shortened d i f f u s e r ;  however, 
i t  would not  have smoothed t h e  flow as t h e  g r i d s  do. A t  t h e  t a r g e t  po in t  
(MI = 0.3) both ae rogr id  A and punched p l a t e  A exh ib i t ed  o v e r a l l  t o t a l  p res -  
s u r e  lo s ses  of approximately 5.3%) which exceeds t h e  r equ i r ed  3% o r  lower 
t o t a l  p re s su re  l o s s  goa l .  Punched p l a t e  B and ae rogr id  B both have less 
p res su re  loss than  an open duc t  and bo th  meet t h e  r equ i r ed  3% los s  a t  M, = 
0.3. 
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Figure  22 i l l u s t r a t e s  t h e  t y p i c a l  Reynolds number e f f e c t  on the  
contoured v e n t u r i s  of an ae rogr id  as opposed t o  t h i s  e f f e c t  on t h e  s imple 
o r i f i c e s  o f  a punched p l a t e .  This  f i g u r e  bears  out t h e  des ign  philosophy 
f o r  ae rogr id  A which was designed f o r  a t h r o a t  Reynolds number of 50,000. 
A s  t h e  t h r o a t  Reynolds number drops below design, t h e  t o t a l  p re s su re  re- 
covery decreases  r a p i d l y  ( i . e . ,  t o t a l  p re s su re  l o s s  i nc reases ) .  By con- 
trast, t h e  punched p l a t e  shows only a very s l i g h t  i n f luence  of Reynolds 
number on i t s  performance. 

For corresponding t o t a l  p re s su re  lo s ses  a t  t h e  t a r g e t  po in t ,  
f i g u r e s  23 and 24 show t h a t  t h e  punched p l a t e s  were much less e f f e c t i v e  i n  
smoothing t h e  flow than t h e  corresponding ae rogr ids .  The punched p l a t e s  
were only t e s t e d  i n  t h e  forward p o s i t i o n  (0.10 in. ,  0.254 cm) t o  compare t o  
t h e  b e t t e r  g r i d  performance. 

E f f e c t  of Grid P o s i t i o n  

0.25 inches (0.254 cm and 0.635 cm) a f t  o f  t h e  d i f f u s e r  e x i t  plane.  Fig- 
ures 25a, 25b, and 26 show t h a t  t h e  p o s i t i o n  effect  (on t o t a l  pressure loss 
and flow smoothing) was small f o r  ae rogr id  B, bu t  r e s u l t s  were s l i g h t l y  
b e t t e r  f o r  t h e  forward (0.10-in.) (0.254-cm) p o s i t i o n .  Aerogrid A, however, 
showed a n o t i c e a b l e  improvement i n  flow smoothing when pos i t ioned  c l o s e s t  
t o  t h e  d i f f u s e r  e x i t  p lane  ( f i g u r e  27) .  

A s  p rev ious ly  mentioned, t h e  ae rogr ids  were t e s t e d  a t  0.10 and 

Summary Figure  - Veloc i ty  P r o f i l e s  

and punched p l a t e s  A and B, a l l  a t  t h e  forward pos i t i on ,  and t h e  open duct .  
F igure  28 summarizes t h e  p r o f i l e s  produced f o r  ae rogr ids  A and B 

SUMMARY OF RESULTS 

Pres su re  r ecove r i e s  and v e l o c i t y  p r o f i l e s  r e l a t i n g  t o  t h e  flow- 
smoothing c a p a b i l i t i e s  o f  aerodynamic g r i d s  and punched p l a t e s  coupled t o  a 
s h o r t ,  annular  d i f f u s e r  were measured i n  a series of test  runs.  
s u l t s  were as follows: 

The re- 

1. Aerogrid B, w i th  74% geometric blockage, and punched p l a t e  
B, wi th  30% geometric blockage (48% e f f e c t i v e  blockage), 
m e t  t h e  t a r g e t  o v e r a l l  p re s su re  loss ( d i f f u s e r  p lus  g r id )  
of 3% f o r  a d i f f u s e r  i n l e t  Mach number of 0.3. 

2. For equal  o v e r a l l  t o t a l  p re s su re  lo s ses ,  t he  ae rogr ids  
produced much b e t t e r  v e l o c i t y  p r o f i l e s  than  t h e  punched 
p l a t e s .  

3 .  Considering a l s o  t h e  a b i l i t y  of ae rogr id  B t o  smooth 
r a d i a l l y - d i s t o r t e d  i n l e t  flows, it c l e a r l y  w a s  t h e  b e s t  
conf igu ra t ion  t e s t e d  . 

14 
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4. The ae rogr ids  gave b e t t e r  pressure  recovery and smoother 
v e l o c i t y  p r o f i l e s  when placed 0.10 in .  (0.254 cm) from 
t h e  e x i t  of t h e  s h o r t ,  annular  d i f f u s e r  than  when 0.25 i n .  
(0.625 cm) from it. 

5. Only ae rogr id  A was a b l e  t o  reduce s u b s t a n t i a l l y  t h e  c i r -  
cumferent ia l  d i s t o r t i o n  introduced by a 10" s e c t o r  of 
blockage screen,  bu t  aerogr id  A produced too  high a pres-  
s u r e  loss (5.3% f o r  d i f f u s e r  p lus  g r id )  t o  be of i n t e r e s t .  

15 
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Equivalent  
f u l l - s c a l e  
a x i a l  loca-  
t i o n  a 

--- 

--- 

--- 

--- 

-3 

-3 

-3 

0 

+1 

+2 

+4 

+10 

APPENDIX A 

TABLE A - I  INSTRUMENTATION LIST 

Circumferent ia l  
1 oca t i on (s ) 
O'clock 
pos i t i o n ( s )  

3, 9 

6 ,  1 2  

3, 9 

2, 10 

12,  3:20, 
9: 20 

11: 45 

3, 9 

1 2  

12 ,  3:20, 
9: 20 

12, 3:20, 
9: 20 

12 

12, 3:20, 
9: 20 

18 

Function d e s c r i p t i o n  

w a l l  s t a t i c  p re s su re  
Airflow nozz le  i n l e t  

Airflow nozzle  i n l e t  
temperature  

S t i l l i n g  chamber w a l l  
s t a t i c  p re s su re  

S t i l l i n g  chamber a i r  
temperature  

I n l e t  r ake  w a l l  
s t a t i c  d i f f e r e n t i a l  
p re s su re  

b I n l e t  r ake  pressures  , 
probes 1 through 5 

b I n l e t  r ake  pressures  , 
probes 1, 3, 5 

Di f fuse r  o u t e r  w a l l  
s t a t i c  d i f f e r e n t i a l  
p re s su re  

Di f fuse r  ou te r  w a l l  
s t a t i c  d i f f e r e n t i a l  
p re s su re  

Dif fuser  ou te r  w a l l  
s t a t i c  d i f f e r e n t i a l  
p re s  s u r e  

Dif fuser  ou te r  w a l l  
s t a t i c  d i f f e r e n t i a l  
p re s su re  

Dif fuser  ou te r  w a l l  
s t a t i c  d i f f e r e n t i a l  
p re s su re  

m t ' d . )  

Instrument range 

0-3000 p s i a  
(0-21 x 10' N/m2) 

-50" t o  100°F 
(228" t o  311°K) 

0-250 p s i a  
(0.17 x lo6 N / ~ )  

-50" t o  100°F 
(228" t o  311°K) 

0-15 ps id  
( 1  x 106 N/m2) 

0-15 ps id  
(1 x 106 N/$) 

0-15 ps id  
( 1  x 106 N / d )  

0-15 ps id  
(1 x lo6 N/m2) 

0-15 ps id  
( 1  x 106 N/$) 

0-15 ps id  
(1 x lo6 N / G )  

0-15 ps id  
(1 x lo6 N/m2) 

0-15 ps id  
(1 x lo6 N/&)  
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S ta- 
t i o n  

4 

4 

5 

5 

1 

5 

0 

wa 

2 

ma 
--- 

Equivalent 
f u l l - s c a l e  
ax ia l  loca- a t i o n  

+10 

+10 

+24 

+24 

0 

72 

-3 

+10 

-3 

--- 

Circumterent i a l  
l o c a t i o n ( s )  
O'clock 
p o s i t  ion  (s ) 

12: 15 

3,  9 

2 ,  10 

6 

4:30 

3:20 

12:30 

11:40 

12:30 

- - -  

Function desc r iDt ion  

Di f fuse r  e x i i  r ake  
d i f f e r e n t i a l  p re s -  
s u r e s ,  probes 1-10 

Di f fuse r  e x i i  rake  
d i f f e r e n t i a l  p re s -  
s u r e s ,  probes 1, 3 ,  
6 ,  8 ,  10 

Model o u t l e t  w a l l  
s t a t i c  p re s su re  

Model o u t l e t  a i r  
temperature 

Boundary-layer rake  
p res su resb ,  probes 
1-6 

,Model e x i t  s t a t i c  
p re s su re  (outer 
model w a l l )  

Reference d i f  f eren- 
t i a l  p re s su re ,  s c a n i  
Re f 
Ref. d i f f .  p r e s s . ,  
s can iva lve  #l 

Ref. d i f f .  p r e s s . ,  
s can iva lve  #3 

Ref. d i f f .  p r e s s . ,  
PMUX #4 

Exhaust header 
s t a t i c  p res su re  

1 

Instrument range 

0-1 ps id  
(0.7 x lbl N / $ )  

0-1 ps id  
(0.7 x Id N/$)  

0-250 p s i a  
(0-1.7 x 106 N/$)  

-50 - 100 F 
(228" t o  311°K) 

0-6 ps id  
(0.4 x 104 N/$) 

CECC 

0-15 ps id  
( 1  x Id N / $ )  

0-15 p s i d  
(1 x I d  N / $ )  

0-15 ps id  
' ( 1  x Id N/m2) 

0-6 ps id  
(0.4 x 104 N / d )  

0-25 p s i a  
(0-1.7 x Id N / 2 )  

a Location r e l a t i v e  t o  d i f f u s e r  en t r ance  s t a t i o n  1; e .g . ,  -3 is  3 i n .  (7.6 cm) 
upstream from s t a t i o n  1 (but i s  assumed t o  r ep resen t  s t a t i o n  l ) ,  o r  +4 i s  
4 i n .  (10.1 cm) downstream from s t a t i o n  1. 
Rake d i f f e r e n t i a l  p r e s s u r e  e (probe t o t a l  p re s su re )  - (wal l  s t a t i c  p re s su re ) .  

High response,  close-coupled t ransducer  recorded on osc i l l og raph ,  0-500 p s i a  

b 

C 

0-3.5 x 10' N/II?).  
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TABLE A - I 1  ANNULAR DIFFUSER TEST MATRIX 

- 
Run 

1 

- 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Configurat ion 

Aerogrid A 

Open duct  
(no r e s i s t a n c e )  

Open duct  
(no r e s i s t a n c e )  

A e r  ogr i d  A 

Aerogrid A 

Aerogrid B 

Aerogrid B 

Aerogrid B 

Punched p l a t e  A 

Punched p l a t e  A 

Punched p l a t e  B 

Punched p l a t e  B 

Aerogrid C 

Aerogrid C 

Pos it i on 
of d i f f u s e r  

0.25 in . (0 .635  cm) 

0.10 in . (0 .254 em) 

0.10 in . (0 .254 cm) 

0.10 in . (0 .254 cm) 

0.25 i n .  (0.635 cm) 

0.10 in . (0 .254  cm) 

0.10 in.(0.254 cm) 

0.10 in . (0 .254  cm) 

0.10 in . (0 .254  cm) 

0.10 in . (0 .254  cm) 

0.10 in . (0 .254  cm) 

0.10 in . (0 .254  cm) 

Configurat ion 
v a r i a b l e s  

Rad i a  1 blockage 
@ 3 o 'c lock 

Radial  blockage 
@ 3 o 'c lock  

Radial  blockage 
@ 3 o 'c lock  

Rad i a  1 b 1 oc kage 
@ 3 o 'c lock  

Rad i a  1 b 1 ockag e 
@ 3 o 'c lock  

Radia 1 blockage 
@ 3 o 'c lock  

Tes t  mass flow 
lbs / sec(kg/sec)  

1 7 ,  11, 2 ,  3 
(7.7,5,0.9,1.4)  

9 ,  3 
(4 .1 ,  1 . 4 )  

18, 11, 2 ,  3 
(8 .2 ,5 ,0 .9 ,1 .4)  

18, 11, 2 ,  3 
(8 .2 ,5  , O .  9,1.4)  

18, 11, 2 ,  3 
(8 .2 ,5 ,0 .9 ,1 .4)  

18, 11, 2 ,  3 
(8 .2 ,5 ,0 .9 ,1 .4)  

18, 11, 2 ,  3 
(8 .2 ,5 ,0 .9 ,1 .4)  

18, 11, 2 ,  3 
(8 .2 ,5  , O .  9 , 1 .4 )  

18, 11, 2,  3 
(8 .2 ,5 ,0.9,1.4)  

18, 11, 2 ,  3 
(8 .2 ,5  , O .  9 ,1 .4 )  

18, 11, 2 ,  3 
(8.2,5,0.9,1.4)  

18, 11, 2 ,  3 
(8 .2 ,5 ,0 .9 ,1 .4)  

18, 11, 2 ,  3 
(8.2,5 , O .  9 ,1 .4 )  
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- 
Run 
15 

16 

17 

18 

19 

20 

- 

conf igu ra t ion  

Aerogrid B 

Aerogrid B 

Aerogrid B 

Open duct  
(no r e s i s t a n c e )  

Open duct  
(no r e s i s t a n c e )  

Aerogrid B 

P o s i t i o n  a f t  
of d i f f u s e r  

0.10 in .  (0.254 cm) 

0.25 in.(0.635 cm) 

0.10 in.(0.254 cm) 

0.10 in.(0.254 cm) 

Conf igura t ion  
var  i a b  1 es 

Tip-peaked i n l e t  
p r o f i l e  

Tip-peaked i n l e t  
p r o f i l e  

Hub-peaked i n l e t  
p r o f i l e  

Hub-peaked i n l e t  
p r o f i l e  

Tip-peaked i n l e t  
p r o f i l e  

12 o ' c lock  e x i t  
moved t o  0.45 i n .  
(1.38 cm) a f t  of 
g r i d  

Test Mass flow 
l b s / s e c  (kg/sec) 

18, 11, 2, 3 
(8.2,5,0.9,1.4) 

18, 11, 2, 3 
(8.2,5,0.9,1.4) 

18, 11, 2, 3 
(8.2,5,0.9,1.4) 

18, 11, 2, 3 
(8.2,5,0.9,1.4) 

18, 11, 2, 3 
(8.2,5,0.9,1.4) 

18,11, 2 )  3 
(8.2,5,0.9,1.4) 

2 1  
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I 

COORDINATES FOR 1/3-SCALE SUBSONIC DIFFUSER 

STATION 
in. 

0 
0.167 
0.250 
0.417 
0.500 
0.667 
0.833 
1 .ooo 
1.033 
1.067 
1.100 
1.133 
1.167 
1.267 
1.300 
1.333 
1.367 

(cm) 

0 
0.424 
0.635 
1.059 
1.270 
1.694 
2.116 
2.540 
2.624 
2.710 
2.794 
2.878 
2.964 
3.218 
3.302 
3.386 
3.472 

in. 

4.667 
4.652 
4.643 
4.624 
4.61 2 
4.586 
4.553 
4.510 
4.503 
4.483 
4.453 
4.407 
4.287 
3.887 
3.823 
3.803 
3.800 

(cm) 

11.854 
11.816 
11.793 
11.745 
11.714 
1 1.648 
1 1.565 
1 1.455 
1 1.438 
1 1.387 
11.31 1 
11.194 
10.889 
9.87 3 
9.710 
9.660 
9.652 

F 
in. 

5.31 3 
5.328 
5.337 
5.356 
5.368 
5.394 
5.427 
5.470 
5.493 
5.533 
5.640 
5.780 
5.917 
6.327 
6.400 
6.420 
6.427 

(cm) 

13.495 
13.533 
13.556 
13.604 
13.635 
13.701 
13.785 
13.894 
13.952 
14.054 
14.326 
14.681 
15.029 
16.07 1 
16.256 
16.307 
16.324 

1 I I I -I 

(2.54) 

STATION, in. (cm) 

0 0.5 1 .o 1.5 2.0 DIFFUSER E X I T  PLANE ATSTATION 1.367 IN. (3.472 cm) 
(5.08) FORWARD TEST POSITION A T  STATION 1.467 IN (3.726 cm) 

AFTTEST POSITION 1.617 IN. (4.107 cm) 

Figure 2 DIFFUSER CONTOUR AND AEROGRID (OR PUNCHED PLATE) TEST POSITIONS 
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THROAT 
DIAMETER 

RADIUS 1 

HOLE SPACING --I 
AEROGRlD A AEROGRID B 

0.0803 in. 0.06975 in. 
(0.2040 cm) (0.1 772 cm) 

~~ 

LENGTH 

(3.1261 cm) 
RADIUS 2 

0.4865 in. 
(1.2357 cm) 

THROAT DIAMETER 0.1277 in. 0.1551 in. 

HOLE SPACING 0.2946 in. 

FLAT 0.0083 in. 
(0.021 1 cm) 

Figure 6 
(MODEL DIMENSIONS SHOWN 1/3 FULL SCALE) 

NASA TURBOJET AEROGRID HOLE CONTOUR 
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INNER WALL 

loo a 
I- 80- z 
ul 
V a 
w 
n 

I- 
I 

ul 
I 

3 
-I 
3 
Z 
Z 

I 60 

5? 

v) 40- 

a 20- 

RElNLET = 635 X 10 

- 
- 

0 0  

0 
0 1 1 
0 0.5 1 .o 1.5 2.0 

LOCALIAVERAGE VELOCITY 

Figure 10 COMPARISON OF EXIT VELOCITY 
PROFILES FOR AEROGRID B AS A FUNCTION 
OF INLET MACH NUMBER 

. 

MINLET = 0.33, RE,NLET = 675 - 645 X lo3 

INNER WALL 
100 

I- 80 z 
w 
V a 
ul 
n 

I- 
I 

w 
I 

3 
J 
3 
Z 
Z 

I 60 

2 

v) 40 

a 20 

0 
I 

I I I 

- 

AEROGRID A 

- 

0.5 1 .o 1.5 2.0 
LOCALIAVERAGE VELOCITY 

Figure 1 1  COMPARISON OF EXIT VELOCITY 
PROFILES FOR AEROGRIDS A AND B IN THE 
0.1 IN. (0.254 cm) POSITION 
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Figure 16 

PROFILE FOR THE DIFFUSER ALONE AND 
AEROGRID B IN THE FORWARD POSITION 

COMPARISON OF EXIT VELOCITY 
PROFILES WITH A TIP-PEAKED INLET FLOW 

INNER WALL 
100 I I I I I 

\ 
\ 
\ 

80 0 
- 

k 0 

// 
2 
UJ 0 U -y----' 

_---------- - 

OPEN DUCT 

w - 

AEROGRID B 

a 20 - - 
M , ~ ~ ~ ~  = 0.35.  RE,^^^^ = 595 x io3 

I I I I 1 0 

Figure 17 

ALONE AND AEROGRID B IN THE FORWARD POSITION 

COMPARISON OF EXIT VELOCITY PROFILES WITH 
A HUB-PEAKED INLET FLOW PROFILE FOR THE DIFFUSER 
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100 

I- 80 z 
w 
0 
U 
w n 

I- 
I 

w 
I 

I 6 0  

!? 

4 0  
3 

a 20 

3 
2 z 

1 .oo I I 1 1 
t U MINLET = 0.33 
W PUNCHED PLATE A > 

w 
U 
w a: 
3 AEROGRID A cn 0.90 cn 
W 
U c 1 
-1 2 0.85 
w 
0 > I  

-I 
0.80 

20 60 100 140 180 220 

THROAT REYNOLDS NO. x 1 0 - ~  

Figure 22 COMPARISON OF PRESSURE RECOVERY 
FOR AEROGRID A AND PUNCHED PLATE A IN THE 
FORWARD POSITION AS A FUNCTION OF THROAT 
REYNOLDS NUMBER 

RE,NLET = 610 - 670 X lo3 

MINLET = 0.33 

INNER WALL 
I I 

0 

LOCALIAVERAGE VELOCITY 

Figure 23 COMPARISON OF EXIT VELOCITY 
PROFILES FOR AEROGRID A AND PUNCHED 
PLATE A I N  THE 0.1 IN. (0.254 cm) POSITION 

I- 
2 
w 
0 
U 
w a 

I- 
I 

w 
I 
v) 
3 
1 
3 z z 

I 

II 

a 

MINLET = 0.34, RE,,,,, = 630 - 685 X lo3 
BLOCKAGE, PERCENT 

-AEROGRID B 74 
---PUNCHED PLATE B 30 

-....- OPEN DUCT 0 

INNER WALL 

6ot 
*. *- 

&#- -* PUNCHED PLATE 

SOLID SYMBOL INDICATES 
PEGGEDVALUE FORTHE 
D I F FE RE NTI A L P R ESSU RE r -  f TRANSDUCER 

., 
0 0.5 1 .o 1.5 2.0 

LOCALIAVERAGE VELOCITY 

Figure 24 COMPARISON OF EXIT VELOCITY 
PROFILES FOR AEROGRID B, PUNCHED PLATE 
B, AND THE DIFFUSER ALONE 

5 
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POSITION AFT OF DIFFUSER - 0.10 in. (0.254 cm) 
0-0 0.25 in. (0.635 crn) 

- - 

E 
w 

0.85 
0 0.1 0.2 0.3 0.4 0.5 

DIFFUSER INLET MACH NO. 

Figure 25a OVERALL PRESSURE RECOVERY 
WITH AEROGRID B IN TWO POSITIONS AS A 
FUNCTION OF INLET MACH NUMBER 
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DIFFUSER INLET MACH NO. 

Figure 25b 
LOSS WITH AEROGRID B IN TWO POSITIONS 
AS A FUNCTION OF INLET MACH NUMBER 

PERCENT OVERALL TOTAL PRESSURE 
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MINLET = 0.34, RElNLET = 655 - 645 X lo3 
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Figure 26 COMPARISON OF EXIT VELOCITY 
PROFILES FOR AEROGRID B IN THE 0.10 in. 
(0.254 cm) AND 0.25 in. (0.635 cm) POSITIONS 
AFT OF THE DIFFUSER EXIT PLANE 

MINLET = 0.32, REINLET = 675 - 580 X lo3 

INNER WALL 
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I GRID POSITION 
I 0.10 in. (0.254 crn) 

GRID POSITION 
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Figure 27 COMPARISON OF EXIT VELOCITY 
PROFILES FOR AEROGRID A AS A FUNCTION OF 
GRID POSITION AFT OF THE DIFFUSER EXIT 
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