
AEDC-.I"R-7 5-154 
D m q 

,eCR ,~ ;, '19/6 

DEC 1 1976 

r:!!~,~,, 3 o L%~ 

ANALYSIS, DESIGN, AND TESTING OF COMPONENTS 

OF A COMBINED ABLATION/EROSION NOZZLE 

PROPULSION WIND TUNNEL FACILITY 
ARNOLD ENGINEERING DEVELOPMENT CENTER 

AIR FORCE SYSTEMS COMMAND 
ARNOLD AIR FORCE STATION, TENNESSEE 37389 

March 1976 

Final Report for Period July 1, 1973 - June 30~ 1975 

Approved for public release; distribution unlimited. 

,l'~J¢,eo-~o-c..oe~ 

Prepared for 

DIRECTORATE OF TECHNOLOGY (DY) 
ARNOLD ENGINEERING DEVELOPMENT CENTER 
ARNOLD AIR FORCE STATION, TENNESSEE 37389 



NOTICES 

When U. S. Government drawings specifications, or other data are used for 
any purpose other than a definitely related Government procurement 
operation, the Government thereby incurs no responsibility nor any 
obligation whatsoever, and the fact that the Government may have 
formulated, furnished, or in any way supplied the said drawings, 
specifications, or other data, is not to be regarded by implication or 
otherwise, or in any manner licensing the holder or any other person or 
corporation, or conveying any rights or permission to manufacture, use, or 
sell any patented invention that may in any way be related thereto. 

Qualified users may obtain copies of  this report from the Defense 
Documentation Center. 

References to named commercial products in this report are not  to be 
considered in any sense as an endorsement of  the product by the United 
States Air Force or the Government. 

This report has been reviewed by the Information Office (OI) and is releasable 
to the National Technical Information Service (NTIS). At NTIS, it will be 
available to the general public, including foreign nations. 

APPROVAL STATEMENT 

This technical report has been reviewed and is approved for publication. 

FOR THE COMMANDER 

MELVIN L. GUIOU 
Captain, USAF 
Research & Development 

Division 
Directorate of  Technology 

ROBERT O. DIETZ 
Director of  Technology 



UNCLASSIFIED 

REPORT DOCUMENTATION PAGE 
I R E P O R T  NUMBER 

AE.DC-TR-75-154 
A T I T L E  ( ~ d  Subtitle) 

ANALYSIS, DESIGN, AND TESTING 
OF COMPONENTS OF A COMBINED 
ABLATION/EROSION NOZZLE 

J 2 O V T  ACCESSION lliO 

I 

? AUTHOR(s )  

K. P. Fewell and P. A. Kessel - ARO, Inc. 

9 P K R F O R M I N G  O R G A N I Z A T I O N  NAME AND ADDRESS 

Arnold Engineering Development Center (DY) 
Air Force Systems Command 
Arnold Air Force Station, Tennessee 37389 
I I .  C O q T R O L L I N G  O F F I C E  NAME AND ADDRESS 
A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r ( D Y e S )  
A i r  F o r c e  S y s t e m s  Command 
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e  37389 
14 M O N I T O R I N G  AGENCY NAME It ADDRESS.rl l  dl l lerent I tom ConlroJl'in~ Ofhce) 

READ|NSTRUCTIONS 
BEFORE COMPLETING FORM 

| RECIP I t rN ' t "S  C A T A L O G  NUMBER 

S T Y P E  OF R E P O R T  & P E R I O D  C O V E R E D  

~inal Report .- July I, 
L973 -.June 30, 1975 
8 P E R F O R M I N G  Oi;IG R E P O R T  NUMBER 

8 C O N T R A C T  OR G R A N T  NUMBER(s)  

10 PROGRAM ELEMENT.  P R O J E C T .  TASK 
AREA ~' WORK U N I T  NUMBERS 

Program E l e m e n t  65807F 

12 R E P O R T  D A T E  

March 1976 
13 NUMBER O F. PAGES 

54 
IS. S E C U R I T Y  CLASS• (o l  th is repowf) 

UNCLASSIFIED 

tSe OECL ASSI F I C A T I O N '  DOWN GRADING 
• SCHEDULE 

N/A 
t6 O I S ' I ' R I B J T I O N  S T A T E M E N T  (ol Jhls Report) 

A p p r o v e d  f o r  p u b l i c  r e l e a s e ;  d i s t r i b u t i o n  u n l i m i t e d .  

17 D I S T R I B U T I O N  S T A T E M E N T  (of the ebetract enJered Ja Block 20. I I  dJf/crenl horn Reporl) 

IS S U P P L E M E N T A R Y  NOTES 

Available in DDC 

19. K E Y  WORDS fConfJnue on reverse crde i f  n e c e c e ~  ~ d  JdcntJly by bJock number) 

a b l a t i o n  t e s t i n g  t e s t  f a c i l i t i e s  
a r c - h e a t e d  a b l a t i o n  f a c i l i t y  e x p a n s i o n  n o z z l e s  
e r o s i o n  t e s t s  c o l d  f l o w  t e s t s  

20 A B S T R A C T  (Conllnue ~ reverse etde I f  neceeea~  and Iden l l~  ~ block numbe~ 

An a n a l y t i c a l  and  e x p e r i m e n t a l  s t u d y  was made o f  t h e  f e a s i b i l -  
i t y  o f  d e v e l o p i n g  a c o m b i n e d  a b l a t i o n  and e r o s i o n  t e s t  f a c i l i t y .  
A f a c i l i t y  c o n c e p t  was d e v e l o p e d  i n  w h i c h  p a r t i c l e s  a r e  a c c e l e r a t e d  
t o  h i g h  v e l o c i t i e s  i n  a l i g h t - g a s  e x p a n s i o n  n o z z l e ,  f o l l o w e d  by 
i n j e c t i o n  i n t o  an a d j a c e n t  j e t  by  i n e r t i a l  t r a n s f e r  a c r o s s  a m i x i n g  
l a y e r .  A d e t a i l  d e s i g n  was c o m p l e t e d  o f  a f a c i l i t y  w h i c h  u t i l i z e s  
a s t a t e - o f - t h e - a r t  a r c - h e a t e d  a i r f l o w  and a h e l i u m  e x p a n s i o n  n o z z l e  

FORM 1473 ED, T,OM OF 1 NOV 6S IS O B S O L E T E  DD , JAN ~, 

UNCLASSIFIED 



UNCLASSIFIED 

20. ABSTRACT (Continued) 

to produce 4,000- to 5,000-ft/sec particle velocities in a flow 
having an impact pressure of 80 arm. A cold-flow version of this 
facility was designed, fabricated, and operated to provide initial 
experience with the new configuration. 

AFSC 
A,~.d AF5 Ten. 

UNCLASSIFIED 



AE D C-T R-75-154 

PREFACE 
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1,0 INTRODUCTION 

In the  pas t  s e v e r a l  y e a r s ,  the  a l r e a d y  i m p o s i n g  r e q u i r e m e n t s  of 
t e s t  f a c i l i t i e s  d e s i g n e d  to eva lua te  the ab la t ion  r e s p o n s e  of m a t e r i a l s  
have  b e e n  f u r t h e r  c o m p l i c a t e d  by an e m e r g i n g  i n t e r e s t  in e r o s i o n  by 
h y p e r v e l o c i t y  p a r t i c l e  impac t .  Such e r o s i o n  of hea t  s h i e l d  m a t e r i a l  is 
known to o c c u r  when  a r e e n t r y  v e h i c l e  t r a v e r s e s  a c loud of so l id  or  
l i qu id  pa r t i c2es  at h y p e r s o n i c  s p e e d s .  T h e s e  c louds  m a y  be of n a t u r a l  
or  m a n - m a d e  o r i g i n  and conta in  p a r t i c l e s  wi th  d i a m e t e r s  up to 1 ,000 p ,  
a l though  the r a n g e  of p r i m a r y  i n t e r e s t  is 50 to 500 p .  H y p e r v e l o c i t y  
i m p a c t  of a s t r e a m  of p a r t i c l e s  on a so l i d  s u r f a c e  can both i n c r e a s e  the  
h e a t - t r a n s f e r  r a t e  to the s u r f a c e  and r e m o v e  b a s e  m a t e r i a l  by m e c h a n i c a l  
f r a c t u r e  of s u r f a c e  e l e m e n t s .  

The  b a s i c  phys i ca l  p r o c e s s e s  invo lved  in p a r t i c l e  e r o s i o n  can bes t  
be s tud i ed  on a s ing le  i m p a c t  ba s i s  in a b a l l i s t i c  r a n g e  fac i l i ty .  In such  
a f ac i l i ty ,  the ve loc i ty ,  shape ,  and m a s s  of the  i m p a c t i n g  body can be 
v e r y  a c c u r a t e l y  d e t e r m i n e d .  The  net  e r o s i o n  p r o c e s s ,  h o w e v e r ,  is  
c o m p o s e d  of a g r e a t  n u m b e r  of s u c c e s s i v e  i m p a c t s  o c c u r r i n g  at a h igh  
r a t e  on a g iven  a r e a  of e x p o s e d  s u r f a c e .  To s tudy th i s  p r o c e s s ,  t e s t  
f a c i l i t i e s  have  b e e n  d e v e l o p e d  which  p r o d u c e  l a r g e  n u m b e r s  of i m p a c t s .  
P a r t i c l e  cloud g e n e r a t o r s  have  b e e n  d e v e l o p e d  fo r  gun r a n g e s .  To p r o -  
duce e r o s i o n  s i m u l a t i o n  fo r  t i m e s  l o n g e r  than the  f l ight  t i m e  in a gun 
r a n g e ,  p a r t i c l e  i n j e c t i o n  s y s t e m s  have  b e e n  d e v e l o p e d  fo r  u se  in wind 
tunne l s .  In the  A E D C / P W T  Dust  E r o s i o n  Tunne l  (DET}, f o r  e x a m p l e ,  
so l i d  p a r t i c l e s  of 50- to 500-p d i a m e t e r  a r e  a c c e l e r a t e d  to v e l o c i t i e s  
of 4 ,000  to 6 ,000 f t / s e c .  To a t t a in  t h e s e  h igh  v e l o c i t i e s  wi th  p a r t i c l e s  
of t h e s e  d i a m e t e r s ,  it is n e c e s s a r y  to d r a g - a c c e l e r a t e  t h e m  in a long,  
u n c o n v e n t i o n a l  n o z z l e  hav ing  a v e r y  s low r a t e  of expans ion .  How- 
eve r ,  even  though it is an a r c - h e a t e d  fac i l i ty ,  the  DET does  not 
qual i fy  as an ab la t ion  fac i l i ty  b e c a u s e  the  hea t i ng  r a t e s  p r o d u c e d  
in th is  u n c o n v e n t i o n a l  n o z z l e  a r e  r e l a t i v e l y  low. 

S ince  e r o s i o n  and ab la t ion  of ten o c c u r  s i m u l t a n e o u s l y  in f l ight ,  
t h e r e  is c o n s i d e r a b l e  i n t e r e s t  in d e v e l o p i n g  a t e s t  f ac i l i t y  hav ing  a 
c o m b i n e d  capabi l i ty .  Al though  p a r t i c l e  v e l o c i t i e s  of 18,000 f t / s e c  a r e  
e n c o u n t e r e d  in f l ight ,  it is  c o n s i d e r e d  that  v e l o c i t i e s  of 8 ,000  f t / s e c  
or  g r e a t e r  would  be of i n t e r e s t  in a g r o u n d  t e s t  f ac i l i ty ,  wi th  p a r t i c l e  
d i a m e t e r s  of 50- to 5 0 0 - p .  As an ou tg rowth  of the  RHEA fac i l i t y  
f e a s i b i l i t y  s t ud i e s  at AEDC, a f ac i l i t y  con f igu ra t i on  fo r  s i m u l t a n e o u s  
ab la t ion  and e r o s i o n  t e s t i n g  has  been  p r o p o s e d ,  and th is  r e p o r t  d e s c r i b e s  
the a n a l y t i c a i  and e x p e r i m e n t a l  i n v e s t i g a t i o n s  fo r  e v a l u a t i o n  of the  new 
concept .  
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Calcu la t ion  of the a c c e l e r a t i o n  of p a r t i c l e s  in jec ted  d i r e c t l y  into 
the nozzle  of a convent ional  a r c - h e a t e d  abla t ion  fac i l i ty  showed tha t  
because  of the sho r t  l eng th  of the nozzle ,  f inal  ve loc i ty  of 100-~ p a r -  
t i d e s  would be l e s s  than one-ha l f  the gas  ve loc i ty  (Fig.  1). The 
nozz les  for  typ ica l  abla t ion  f a c i l i t i e s  a re  kept  to a sho r t  l eng th  to m i n -  
imize  heat  l o s s e s  to the wal ls .  High pa r t i c l e  ve loc i ty  and high hea t ing  
r a t e s  appear  to be mutua l ly  incompat ib le  in a r c - h e a t e r  nozz les .  
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Figure 1. Gas velocity, particle velocity, and temperature in an 
M : 2.0 ablation nozzle, D*  : 0.375 in. 
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Studies of the RHEA fac i l i t y  (Ref. 1), an advanced concept  in-  
volving dynamic  i n t e r ac t i on  of p a r t i c l e  and l i g h t - g a s  f lows,  focused  
a t ten t ion  on two phenomena which have s ince  been i nco rpo ra t ed  into a 
p roposed  a b l a t i o n / e r o s i o n  fac i l i ty .  F i r s t ,  is the wel l -known capac i ty  
of a l ight  gas  to provide  high gas  ve loc i t i e s  for  r e l a t i v e l y  mode ra t e  
s t agna t ion  t e m p e r a t u r e s .  Second, as indica ted  by g e n e r a l  pa r t i c l e  
t r a j e c t o r y  s tud ies ,  p a r t i c l e s  on the o r d e r  of 100-~ d i a m e t e r  t r a v e l i n g  
at thousands  of feet  per  second a re  h ighly  r e s i s t a n t  to def lec t ion  caused  
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by a e r o d y n a m i c  f o r c e s  i m p o s e d  by m o s t  flow f i e l d s  of i n t e r e s t .  T h a t  
i s ,  the  t r a j e c t o r i e s  of such  p a r t i c l e s  wi l l  be v e r y  n e a r l y  l i n e a r .  A 
f a c i l i t y  concept  wh ich  u t i l i t i e s  t h e s e  two p h e n o m e n a  is  shown in F ig .  2. 

5 MW ARC HEATER 

ARC HEATED AIR 

Figure 2. Proposed ablation/erosion nozzle concept. 

In th i s  p r o p o s e d  f a c i l i t y ,  ab l a t i on  c a p a b i l i t y  is  ob ta ined  by u s e  of 
a conven t iona l  h i g h - p r e s s u r e  a r c  h e a t e r  o p e r a t i n g  wi th  a i r .  P a r t i c l e s  
a r e  a c c e l e r a t e d  to h y p e r v e l o c i t i e s  in a s e p a r a t e  l i g h t - g a s  a c c e l e r a t i o n  
n o z z l e  and then  t r a n s f e r r e d  to the  ab l a t i on  je t  by i m p i n g i n g  the  two 
f lows  and a l lowing  p a r t i c l e  m o m e n t u m  to e f fec t  the t r a n s f e r  a c r o s s  the  
m i x i n g  l a y e r .  A n a l y s i s  and s e v e r a l  e x p e r i m e n t a l  e f f o r t s  r e l a t e d  to the  
f e a s i b i l i t y  of th i s  concep t  a r e  r e p o r t e d  h e r e i n .  

2.0 COMPUTER PROGRAMS FOR ANALYSIS OF GAS/PARTICLE FLOWS 

S e v e r a l  c o m p u t e r  p r o g r a m s  w e r e  u sed  in the  a n a l y s i s  of a comb ined  
a b l a t i o n / e r o s i o n  nozz le .  In each  of t h e s e ,  the  p a r t i c l e  d r a g  coe f f i c i en t  
is  an i m p o r t a n t  p a r a m e t e r ,  and two d i f f e r e n t  d r a g  c o r r e l a t i o n s  w e r e  used .  

9 
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2.1 ONE-DIMENSIONAL GAS/PARTICLE FLOW WITH 
THICK BOUNDARY LAYERS 

The s i m p l e s t  concep tua l  a p p r o a c h  to p r o d u c i n g  h igh  s p e e d  in p a r -  
t i c l e s  e n t r a i n e d  in a gas  is to i n j ec t  the  p a r t i c l e s  u p s t r e a m  of the t h r o a t  
of a s u p e r s o n i c  n o z z l e  and al low d r a g  a c c e l e r a t i o n  to the d e s i r e d  v e l o c i t y  
l e v e l .  A q u a s i - o n e - d i m e n s i o n a l  c o m p u t e r  p r o g r a m  was  p r e v i o u s l y  d e v e l -  
oped at A E D C / V K F  for  c a l cu l a t i ng  such  p a r t i c l e  a c c e l e r a t i o n  in s u p e r s o n i c  
n o z z l e s  hav ing  t u r b u l e n t  b o u n d a r y  l a y e r s  on the n o z z l e  wal l  (Ref.  2). Th i s  
p r o g r a m  was u s e d  to ana lyze  the  n o z z l e - p a r t i c l e  flow shown in F ig .  1 fo r  
a con v en t i o n a l  low Mach n u m b e r  n o z z l e  and a l so  to d e s i g n  the  a c c e l e r a t i o n  
n o z z l e  of the  DET. In the l a t t e r  c a s e ,  it was  found that  o p t i m i z a t i o n  of a 
n o z z l e  fo r  d r a g  a c c e l e r a t i o n  of p a r t i c l e s  in the 100-p r a n g e  of d i a m e t e r s  
r e q u i r e s  the  use  of a v e r y  long  n o z z l e ,  wh ich  r e s u l t s  in v e r y  th i ck  {near ly  
m e r g e d )  b o u n d a r y  l a y e r s .  In the  p r o g r a m ,  the  b o u n d a r y  l a y e r  c a l c u l a -  
t ion is coupled  to the o n e - d i m e n s i o n a l  channe l  f low ca l cu la t ion ,  but the  
p a r t i c l e  a c c e l e r a t i o n  ca l cu l a t i on  is not coupled;  i. e . ,  the p a r t i c l e  
a c c e l e r a t i o n  o c c u r s  in a p r e d e t e r m i n e d  gas  d y n a m i c  flow f ie ld  and does  
not  affect  that  flow f ie ld .  

A so lu t i on  fo r  o n e - d i m e n s i o n a l  channe l  f low with  wal l  f r i c t i o n  and 
hea t  t r a n s f e r  is  ob ta ined  by i n t e g r a t i o n  of the  fo l lowing  t h r e e  c o n s e r v a t i o n  
equa t i ons  and an equa t ion  of s ta te :  

Conservation of mass: 

m 

__ dV dA d~+ ~+__= 

~- V A 
0 (i) 

C o n s e r v a t i o n  of m o m e n t u m :  

~2 
~ V d.._~V + d_p_= _ 2 cf ~-- 

dx dx D 

C o n s e r v a t i o n  of e n e r g y :  

v + dZ = 

dx dx 

(2) 

Equation of state: 

- 4 Ch (~- h w) (3) 
D 

h = h(p,p) (4) 

10 
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w h e r e  the  sk in  f r i c t i o n  c o e f f i c i e n t  and the  S tan ton  n u m b e r  a r e  g i v e n  by 
the  fo l l owing  r e l a t i o n s  f o r  t u r b u l e n t  f low: 

(hi Ca 
cz ) 

C f = C z( ) Rex 
(5) 

Ch- 0.53 Cf (6) 

The  o r i g i n a l  V K F  p r o g r a m  was  f o r m u l a t e d  fo r  u s e  wi th  e i t h e r  a i r ,  
h e l i u m ,  or  h y d r o g e n  as  the gas  f low. The  p r o p e r t i e s  of h igh  t e m p e r -  
a t u r e  a i r  a r e  ob ta ined  f r o m  a r e a l  gas  s u b r o u t i n e  w h i c h  c o m p u t e s  
e q u i l i b r i u m  c o m p o s i t i o n  and t h e r m o d y n a m i c  p r o p e r t i e s  wi th  c o r r e c -  
t i ons  fo r  i n t e r m o l e c u l a r  f o r c e s .  H e l i u m  is t r e a t e d  as an i d e a l  ga s ,  
and h y d r o g e n  is m o d e l e d  as a gas  w h i c h  v i b r a t e s  but does  not  d i s s o -  
c i a t e .  The  c o n s t a n t s  in the sk in  f r i c t i o n  r e l a t i o n  w e r e  d e t e r m i n e d  
f r o m  an e m p i r i c a l  c o r r e l a t i o n  of t e s t  da t a  on t u r b u l e n t ,  f l a t  p l a t e  
b o u n d a r y  l a y e r s  and a r e  g i v e n  in T a b l e  1. 

Cz 

Constants in Skin Friction Relation Eq. (5) 

AIR 

HELIUM 

HYDROGEN 

0,15 

0,068 

0.15 

TaMe 1. 

GAS C2 

0.40 

0,60 

0.50 

C3 

0,20 

0,15 

0,15 

I n t e g r a t i o n  of the  foreg_oin.g, e q u a t i o n s  g ives  the f low s o l u t i o n  in 
t e r m s  of a v e r a g e  v a l u e s  (p, h, V) in a c h a n n e l  of known  g e o m e t r y ,  
wi th  sk in  f r i c t i o n  and hea t  t r a n s f e r  at the  w a i l s  of the  channe l .  
C o r r e s p o n d i n g  " c o r e  f low"  v a l u e s  a r e  o b t a i n e d  f r o m  an i s e n t r o p i c  
s o l u t i o n  (no sk in  f r i c t i o n  o r  hea t  t r a n s f e r )  f o r  the  s a m e  p r e s s u r e  
d i s t r i b u t i o n .  Then ,  the  b o u n d a r y - l a y e r  g r o w t h  f r o m  the  wa l l  to the  

1! 
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c o r e  is  ob ta ined  by i n t e g r a t i o n  of a d i f f e r e n t i a l  equa t ion  fo r  m o m e n -  
t u m  t h i c k n e s s  and by r e f e r e n c e  to two s u p p l e m e n t a l  equa t i ons  fo r  
to ta l  t h i c k n e s s  and d i s p l a c e m e n t  t h i c k n e s s :  

de [~dp 6" idV idx)I C f 
--+ 8 +(2+ ) + - 
dx dx 8 V dx D 2 

(7) 

,,z - 2~._~*) = ~- V 
D p V 

(8) 

~ = ~* + 6.4e (9) 

The  r e l a t i o n  fo r  to ta l  t h i c k n e s s  was  b a s e d  on e x p e r i m e n t a l  da ta  in 
long,  n a r r o w  channe l s .  The  c o m p l e t e  q u a s i - o n e - d i m e n s i o n a l  so lu t ion  
fo r  the  c h a n n e l  is  o b t a i n e d  by so lu t ion  of Eqs .  (1) to (9). The  so lu t i on  
is va l i d  unt i l  the b o u n d a r y - l a y e r  g r o w t h  is g r e a t  enough  that  the to ta l  
t h i c k n e s s  m e r g e s  on the  flow c e n t e r l i n e .  The  i n c r e a s e  in e n t r o p y  
which  would o c c u r  d o w n s t r e a m  of th is  point  is not  a l lowed  fo r  in the  
p r o g r a m  as  p r e s e n t l y  c o n s t r u c t e d .  

The  b e h a v i o r  of p a r t i c l e s  in the  g iven  flow f i e ld  is ob ta ined  by 
i n t e g r a t i o n  of d i f f e r e n t i a l  equa t ions  fo r  a c c e l e r a t i o n  and p a r t i c l e  
t e m p e r a t u r e :  

dVp 

dx 

cD Ap p cv - I cv - I 

2 Vpmp 
(1o) 

dTp _ Qp = 

dx (pv Cp)p Vp 

p (V - Vp) Cp (T O - Tp) Chp Sp 

(pv Cp)p Vp 
(11) 

w h e r e  

= (Nu) 
Chp 

Re p 

= 2.0 + 0.6 Rep 
Rep (12) 

12 
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by a s s u m i n g  P r  = 1 and 

p (v - Vp) Dp 
Rep = (13) 

and the gas  t e m p e r a t u r e  i s  bas,ed on the  s l i p  v e l o c i t y .  The  p a r t i c l e  
N u s s e l t  n u m b e r  was  ob ta ined  f r o m  Ref. 3 and is  s t r i c t l y  v a l i d  only  
fo r  s u b s o n i c  s l i p  Mach  n u m b e r s .  The  r e l a t i v e l y  l a r g e  p a r t i c l e  d i a m -  
e t e r s  u s e d  in the  p r e s e n t  s tudy  r e s u l t  in  s u p e r s o n i c  s l i p  v e l o c i t i e s .  
To a l low fo r  t h i s ,  the  p a r t i c l e  R e y n o l d s  n u m b e r  and hea t  t r a n s f e r  
a r e  s i m p l y  e v a l u a t e d  u s i n g  to t a l  cond i t ions  beh ind  the p a r t i c l e  bow 
shock .  

The  p r o g r a m  v e r s i o n  u s e d  in the  p r e s e n t  s tudy  was  m o d i f i e d  f r o m  
tha t  of Ref. 2 by the add i t ion  of the p a r t i c l e  t e m p e r a t u r e  h i s t o r y  (Eq. 
(11)) and by e x t e n s i o n  of the  p a r t i c l e  a c c e l e r a t i o n  and t e m p e r a t u r e  
so lu t i on  to an a r b i t r a r y  point  in the  s u b s o n i c  r e g i o n  u p s t r e a m  of the  
n o z z l e  t h r o a t .  The  b o u n d a r y - l a y e r  g rowth ,  h o w e v e r ,  is  s t i l l  a s s u m e d  
to beg in  at the nozz l e  t h r o a t  in o r d e r  to s i m p l i f y  p r e d i c t i o n  of m a s s  
f low in the  nozz le .  

2.2 TWO-DIMENSIONAL TRAJECTORY CALCULATIONS 
IN PARTICLE/GAS FLOW 

In the a n a l y s i s  of f e a s i b i l i t y  of a c o m b i n e d  ab l a t i on  and e r o s i o n  
f a c i l i t y ,  it was  n e c e s s a r y  to p e r f o r m  p a r t i c l e / f l o w  c a l c u l a t i o n s  fo r  the  
c a s e  in wh ich  the s l i p  v e l o c i t y  i s  not a l i gned  wi th  the p a r t i c l e  v e l o c i t y .  
In t h i s  c a se ,  the p a r t i c l e s  fo l low c u r v e d  pa ths ,  and a t w o - d i m e n s i o n a l  
p r o g r a m  is  r e q u i r e d .  In t h i s  p r o g r a m ,  as  in  the  o n e - d i m e n s i o n a l  p r o -  
g r a m ,  the  p a r t i c l e  a c c e l e r a t i o n s  a r e  computed  in a p r e d e t e r m i n e d  f low 
f ie ld ,  wi th  no coupl ing  of the p a r t i c l e  m o t i o n  upon the  f low f ie ld .  The  
p a r t i c l e  t r a j e c t o r i e s  a r e  ob ta ined  by i n t e g r a t i o n  of the  v e c t o r  equa t ion  
of p a r t i c l e  a c c e l e r a t i o n :  

(3_ CD p Vs 2) Vs 
dt = 4 Dp pp ~s 

where ~s is the slip velocity vector (7 - V%). Since the drag force 
and acceleration vector are in the direction of ~s, the components of 
acceleration are: 

(14) 

dVpx = (Vsx) dV___pp 
dt V dt 

S 

(15) 
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and 

dt V dt 
s 

In this integration, it is considered that D and p are constant, but that 
P P 

CD, p, and V s are functions of position coordinates depending on the 
nature of the flow field. Programs for two-dimensional trajectory cal- 
culations have been constructed for the following flow fields: 

a. Uniform flow. 

b. Prandtl-Meyer expansion flow. 
Conditions along successive expansion rays are calculated 
by integrating the following expression from known initial 
conditions: 

- -  = e x p  c o s - l  ( ) - c o s - *  ( ) + r  d ~  
v, a qM=_ z (z6) 

where ~ is the angle of an expansion ray measured from the 
horizontal. The integration is performed numerically, since 
the real gas effects which dominate the area of interest pre- 
clude analytical integration. 

c. Ablation/erosion nozzle flow. 
In one comprehensive program, a real gas isentropic expansion 
of air from high temperatures is calculated and matched in static 
pressure to a helium or hydrogen flow downstream of an oblique 
shock. Then, in the same program, conditions upstream of the 
shock in the light gas are calculated and also conditions down- 
s t r e a m  of a s i m i l a r  s h o c k  in  the  a i r f l ow  a r e  c a l c u l a t e d .  F i n a l l y ,  
t r a j e c t o r i e s  of p a r t i c l e s  hav ing  d i f f e r e n t  v e l o c i t i e s  and d i a m e t e r s  
a r e  c a l c u l a t e d  f o r  t r a v e r s a l  of the fou r  s e p a r a t e  but ad jo in ing  
f low f i e l d s .  

2.3 PARTICLE DRAG COEFFICIENTS 

F o r  l a c k  of a m o r e  w o r k a b l e  p r o c e d u r e ,  the  d r a g  c o e f f i c i e n t s  u s e d  
in m o s t  a n a l y s e s  of p a r t i c l e  f lows a r e  a s s u m e d  to be t h o s e  of s m o o t h  
s p h e r e s .  In m a n y  c a s e s ,  the  p a r t i c l e  d i a m e t e r  is  such  tha t  the  s l i p  v e l o c -  
i t i e s  a r e  low s u b s o n i c ,  in w h i c h  c a s e  the w e l l - e s t a b l i s h e d  i n c o m p r e s s i b l e  
s p h e r e  d r a g  c u r v e  g iv ing  CD as a func t ion  only of Re D is u s e d .  T h i s  c u r v e  
b e c o m e s  a s y m p t o t i c  to the S tokes  d r a g  coe f f i c i en t ,  C D = 2 4 / R e  D, at v e r y  
low R e y n o l d s  n u m b e r s  (Fig .  3). In the p r e s e n t  c a s e ,  the p a r t i c l e  d i a m e -  
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Figure 3. Sphere drag coefficient versus Reynolds number. 

t e r s  w e r e  s u c h  tha t  s u p e r s o n i c  s l i p  v e l o c i t i e s  w e r e  of ten  e n c o u n t e r e d .  
and it was  n e c e s s a r y  to r e c o g n i z e  the  Mach  n u m b e r  d e p e n d e n c e  as we l l  
as  the R e y n o l d s  n u m b e r  d e p e n d e n c e  of the d r a g  coe f f i c i en t .  

2.3.1 Crowe Drag Correlation 

One w i d e l y  u s e d  r e l a t i o n  fo r  s p h e r e  d r a g  c o e f f i c i e n t  in the  c o m p r e s s -  
ib le  c a s e  is  tha t  pub l i shed  by C r o w e  (Ref.  4). T h i s  c o r r e l a t i o n  was  b a s e d  
on s p h e r e  d r a g  da t a  f r o m  a l a r g e  n u m b e r  of d i f f e r e n t  t e s t  f a c i l i t i e s  and is  
as  fo l lows :  

C D = (CDinc - 2) exp[-3.07 70.5 R-eM g(Re)l 

I 

+ y °'s M - 2-H 

(17) 

log2o gCRe) = 1,25 F1 + tanh(0,77 logso Re - 1.92)] (18) 

-]5 
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h(M) = 2.3 + 1.7( ) - 2.3 tanh(l.17 logz0 M) (19) 

w h e r e  CDinc  is the  (nea r ly )  c l a s s i c a l  i n c o m p r e s s i b l e  d r a g  c o e f f i c i e n t  of 
a s p h e r e .  Most  of the p r e l i m i n a r y  a n a l y s e s  of th i s  r e p o r t  u t i l i z e d  t h i s  
d r a g  c o r r e l a t i o n .  It was  found,  h o w e v e r ,  tha t  in  s o m e  r e g i m e s  the C r o w e  
r e l a t i o n  did not  a g r e e  wi th  AEDC s p h e r e  d r a g  m e a s u r e m e n t s  (Fig.  3). 

2.3.2 Correlation of AEDC Sphere Drag Data 

A l a r g e  a m o u n t  of s p h e r e  d r a g  t e s t  da t a  has  b e e n  ob ta ined  at  AEDC 
d u r i n g  the  l a s t  d e c a d e ,  c o v e r i n g  a v e r y  l a r g e  r a n g e  in Mach  n u m b e r  and 
R e y n o l d s  n u m b e r  in the  s a m e  t e s t  f a c i l i t y ,  a f ac t  w h i c h  r e s u l t s  in a h igh  
d e g r e e  of i n t e r n a l  c o n s i s t e n c y  and,  i n f e r e n t i a l l y ,  a h igh  l e v e l  of a b s o l u t e  
a c c u r a c y .  In Ref.  5, da t a  w e r e  p u b l i s h e d  f o r  0'. 1 < M < 6 .0  and 20 < Re D 
< 100 ,000 ,  wi th  e f f ec t s  of s p h e r e  t e m p e r a t u r e  g iven  fo r  M = 2 to 6. 
F u r t h e r  da t a  w e r e  r e p o r t e d  i n R e f .  6 fo r  0 .052  < M < 0 . 6 0  a n d 0 . 0 3  < 
Re D < 1000. A c o m p a r i s o n  of t h e s e  da t a  ( s u p p l e m e n t e d  by Ref. 7) wi th  
Eq.  (17) e v a l u a t e d  f o r  M = 1 is shown  in F ig .  3. As i n d i c a t e d  h e r e  and 
in Ref .  9 as  w e l l ,  the  u s e  of Eq.  (17) can  r e s u l t  in  d r a g  c o e f f i c i e n t s  w h i c h  
d i f f e r  s u b s t a n t i a l l y  f r o m  t e s t  da t a  at Re D be low 100. 

A c u r v e  fi t  was ,  t h e r e f o r e ,  

C D = exp ~ a 2 ( £n Re D) a + a z 
L 

o b t a i n e d  f o r  the AEDC t e s t  da ta :  

T 
£n Re D + a O~ ( l  + k £n -~.) 

J 
(20) 

wi th  d i f f e r e n t  c o e f f i c i e n t s  ob ta ined  f o r  v a r i o u s  M a c h  n u m b e r  r a n g e s  (Tab le  
2) and w h e r e  k is  a f u n c t i o n  of both  M and Re  D. 

M - 0. 75-4. 2 

Table 2. Interim Curve-Fit to Sphere Drag Coefficients 

(VKF RANGE DATA, REF. 6) a 2 - b2M2 + blM + b o 
ReD-Z0 to 5000 e h,,n  e0,' ..,,n ° : "  °," 

t "  "% 

a o- d2 M2 + dim + d o 

a 2 

M ~ b 1 

0. 75-0. 915 0 0. 1463 
0. 9]5-0. 965 0 -0. 9728 
0. ~5-0. 99 0 -0. 4661 
O. ~-1.  034 0 1.(~18 
1.0.~-1. 135 0 -0. 2406 
1. DS-I. 375 -3, 506-2 9. 247-2 
1. 375-4. 2 5. 322"4 -6. 427-3 

bo c2 

-o.o7u ',',o 
0. 9452 0 
0. 4562 0 
-L 0168 0 
0. 2885 0 
-4. 472-2 -0. 6784 
2. 2595-2 -1. 9312-2 

a 1 

c c o d 2 1 

-L557 0.5161 0 
13. 165 -12.95 0 
5 . ~  -5.948 0 
-D. 326 13, 090 0 
3. 1082 -3. 903 0 
1.821 -1.5~ 3.862 
0. 1715 -.0. 5294 8. 139-2 

,,,1 o 

d I do 

4. 872 -1.159 
-4L 90 41. 64 
-12. 75 13. 50 

142.88 -4L57 
-9. 330 12. 42 
-1(I 24 8. 481 
-Q. 7316 2. 506 
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A c o m p a r i s o n  of the cu rve  fit  with t e s t  data  is  g iven  in Fig.  4 for  two 
d i f f e r e n t  Mach n u m b e r s .  
] 
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Figure 4. Comparison of curve fit and AEOC data on sphere drag coefficient. 

2.3.3 Nature of "Real" Particles 

Both of the e m p i r i c a l  d r a g  c o r r e l a t i o n s  d e s c r i b e d  above a r e  s t r i c t l y  
va l id  only for  s i ng l e ,  s m o o t h ,  s p h e r i c a l  p a r t i c l e s .  H o w e v e r ,  r e a l  p a r t i -  
c l e s  u s e d  in t e s t i n g  often d i sp lay  v e r y  n o n s p h e r i c a l  s h a p e s  and a f a i r l y  
b r o a d  d i s t r i b u t i o n  of s i z e s  (Fig.  5 and 6). In p r a c t i c e ,  then ,  one would  
expec t  to  o b s e r v e  a d i s p e r s i o n  of r e s u l t s  about a " m e a n "  v e l o c i t y  o r  
t r a j e c t o r y  c a l c u l a t e d  fo r  an e f f ec t ive  a v e r a g e  s p h e r i c a l  p a r t i c l e .  Note  
that  it would  be p o s s i b l e  fo r  e f f ec t s  of n o n s p h e r i c i t y  on d r a g  to be c o m -  
p e n s a t e d  by e r r o r s  in d e t e r m i n a t i o n  of the  p a r t i c l e  s i z e s .  

The  p a r t i c l e  s a m p l e s  f o r m e d  of s m a l l  g l a s s  beads  (F igs .  5 and 6) 
w e r e  u s e d  to r e d u c e  the d i s p e r s i o n  of r e s u l t s  for  ca re fu l  c a l i b r a t i o n  
work .  E x p e r i m e n t a l  m e a s u r e m e n t s  of p a r t i c l e  b e h a v i o r  i n v a r i a b l y  show 
th i s  r e d u c t i o n  in d i s p e r s i o n .  

3.0 EXPERIMENTAL E V A L U A T I O N  OF GAS/PARTICLE 
FLOW PROGRAMS 

Adequacy  of the g a s / p a r t i c l e  flow p r o g r a m s  as  d e s i g n  too l s  was  
e v a l u a t e d  in s e v e r a l  d i f f e r e n t  e x p e r i m e n t a l  p r o g r a m s ,  s o m e  d e s i g n e d  
s p e c i f i c a l l y  fo r  the  eva lua t i on  and s o m e  d e s i g n e d  fo r  o t h e r  p u r p o s e s .  

]7 
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Figure 5. Photomicrographs of particle samples showing individual shapes. 

3.1 EVALUATION OF THE ONE-DIMENSIONAL PARTICLE 
ACCELERATION PROGRAM 

U n c e r t a i n t i e s  con ta ined  in the  p a r t i c l e  a c c e l e r a t i o n  p r o g r a m  in-  
c lude  the d r a g  coe f f i c i en t  c o r r e l a t i o n ,  the  b o u n d a r y - l a y e r  c a l cu l a t i on  
fo r  v e r y  th ick  bounda ry  l a y e r s ,  and in the c a s e  of a i r ,  the h igh  t e m -  
p e r a t u r e  t h e r m o d y n a m i c  p r o p e r t y  rou t ine .  The  e x p e r i m e n t a l  e v a l u a t i o n s  
w e r e  m a d e  u n d e r  cond i t ions  in which  the  v a r i o u s  u n c e r t a i n t i e s  w e r e  
p r e s e n t  at the  s a m e  t i m e .  T h e r e f o r e ,  only ar~ o v e r a l l  e v a l u a t i o n  of the  
p r o g r a m  was  p o s s i b l e ,  not  a s e p a r a t e  eva lua t i on  of the  ind iv idua l  
u n c e r t a i n t i e s .  

]8 



A E  D C - T  R - 7 5 - 1  54  

n-  
b l  
r n  

Z 
).. 
m 

I -  
Z 
Lid 
~.~ 
n.' 
I.,J 
D,. 

8 0  

60 

40 

20 

0 

I00  

80 

60 

m 

m 

40 

20 

0 
0 

a .  

m 

B 

n 

m 

m 

i 1 I I ~ I 
I00 F CLASS A GI_ASS__S BEADS 

I .----~ I 
40 80 120 

i , i I I 

160 200 
PARTICLE DIAMETER, m,crons 

100-# MgO particles and 10~/~ glass beads 
Figure 6. Particle size histograms. 

m 

m 

m 

m 

240 

3.1.1 PWT Dust  Erosion Tunnel  ( D E T )  

T h e  DET w a s  d e s i g n e d  in 1970 as an a r c - h e a t e d  wind  t u n n e l  hav ing  
high-speed particle capability. The acceleration nozzle for this 
facility was designed using the unmodified version of the one-dimensional 
program (Section 2.1). This nozzle has a throat diameter of 0. 563 in., 
ah exit diameter of 15.34 in., and length of 209 in. The modified pro- 
gram was r e c e n t l y  app l i ed  to th i s  nozz l e ,  and the  r e s u l t s  a r e  g i v e n  in 
.Fig. 7. 
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Figure 6. Concluded. 

The  gas  ve loc i t y ,  the  v e l o c i t y  and t e m p e r a t u r e  of 100-~ m a g n e s i u m  oxide  
p a r t i c l e s ,  and the  gas  Mach  n u m b e r  a r e  shown  as func t ions  of d i s t a n c e  
a long the  n o z z l e  fo r  Po = 1,000 ps i  and H o = 1,446 B t u / l b m .  

The  e x p e r i m e n t a l  NIach n u m b e r  at the n o z z l e  exi t  was  d e t e r m i n e d  
by m e a s u r e m e n t  of tl~e i m p a c t  p r e s s u r e  and the  n o z z l e  s t a t i c  p r e s s u r e  
and was  found to be v e r y  c l o s e  to the  va lue  p r e d i c t e d  by the o n e - d i m e n -  
s i ona l  p r o g r a m  (Fig.  7b). The  impac t  p r e s s u r e  p r o f i l e s  (not shown  
h e r e )  a l so  v e r i f y  that  the exi t  flow is v e r y  c lose  to the m e r g e d  b o u n d a r y -  
l a y e r  condi t ion .  

P a r t i c l e  v e l o c i t i e s  w e r e  m e a s u r e d  at the n o z z l e  ex i t  by doub l e -  
pulse optical holography, and the dispersion in velocity because of varia- 
tions in particle size was clearly observed. However, the mean value 
of 4, 900 ft/sec was very close to the value of 5, 000 ft/sec predicted 
for I00-~ particles. The predicted gas velocity was 8,250 ft/sec. The 
velocities measured for different diameter particles are compared 
with the one-dimensional program predictions using both drag coef- 
ficient correlations in Fig. 8. 
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3 . 1 . 2  L ight -Gas  A c c e l e r a t i o n  N o z z l e  

To e v a l u a t e  the  p e r f o r m a n c e  of the  l i g h t - g a s  a c c e l e r a t o r  in the  
p r o p o s e d  a b l a t i o n / e r o s i o n  n o z z l e ,  the o n e - d i m e n s i o n a l  p r o g r a m  was  
app l i ed  to a s m a l l  n o z z l e  having  a l a r g e  L I D  ra t io .  Th i s  n o z z l e  was  a 
s i m p l e  con ica l  n o z z l e  hav ing  a 0 . 5 - d e g  d i v e r g e n c e  h a l f - a n g l e  and a 
t h r o a t  d i a m e t e r  of 0. 119 in. R e s u l t s  of the  ca l cu l a t i on  fo r  a h e l i u m  
e x p a n s i o n  f r o m  Po = 1,000 ps i  and T O = 2 ,000°R a r e  shown in Fig .  9, 
f o r  a r a n g e  of p a r t i c l e  d i a m e t e r s  f r o m  10 to 1 ,000 ~ .  The  n o z z l e  
d i m e n s i o n s  and r e s e r v o i r  cond i t ions  fo r  th i s  c a l c u l a t i o n  w e r e  s e l e c t e d  
on the b a s i s  of e q u i p m e n t  ava i l ab i l i ty .  F o r  100-~ p a r t i c l e s ,  a v e l o c i t y  
of 4 ,500  f t / s e c  is  a t t a ined  at a l e n g t h  of 18 i n . ,  v e r y  c l o s e  to that  
a t t a ined  in the DET in a l e n g t h  of o v e r  200 in. and fo r  an a c c e l e r a t i n g  
gas  s t agna t i on  t e m p e r a t u r e  only 40 p e r c e n t  that  of the  DET.  The  
c a l c u l a t i o n  a l so  i n d i c a t e s ,  h o w e v e r ,  a b o u n d a r y = l a y e r  m e r g e  at a 
d i s t a n c e  of 14 in. As no ted  in Sec t i on  2 .1 ,  the gas  d y n a m i c  p a r t  of 
the  p r o g r a m  is not  s t r i c t l y  va l i d  d o w n s t r e a m  of th i s  point;  h o w e v e r ,  
it is b e l i e v e d  that  the  p a r t i c l e  a c c e l e r a t i o n  c a l c u l a t i o n s  wi l l  not  be 
s e r i o u s l y  a f f ec t ed  fo r  an a p p r e c i a b l e  d i s t a n c e  d o w n s t r e a m  of t h i s  point .  

In Fig. 10 is shown the particle velocity variation in the same 
nozzle, calculated with both of the drag coefficient correlations of 
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Figure 9. Gas velocity, particle velocity, and temperature in helium 
acceleration nozzle, D *  = 0.119 in. 
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Sec t ion  2 .3 .  The  d r a g  c o r r e l a t i o n  b a s e d  on the  AEDC t e s t  da ta  (Eq. 
(20}} g i v e s  p a r t i c l e  v e l o c i t i e s  a p p r o x i m a t e l y  10 p e r c e n t  h i g h e r  than  
does  the c o r r e l a t i o n  of Eq.  (17). 

3.1.2.1 Experimental Apparatus for Light-Gas Acceleration 

An e x p e r i m e n t a l  a p p a r a t u s  was  a s s e m b l e d ,  i nc lud ing  an a v a i l a b l e  
e l e c t r i c  r e s i s t a n c e  h e a t e r ,  a s t i l l i n g  c h a m b e r  and p a r t i c l e  i n j e c t i o n  
s y s t e m ,  a p a r t i c l e  a c c e l e r a t i o n  n o z z l e ,  v a r i o u s  i n s t r u m e n t a t i o n  s y s t e m s ,  
and a h e l i u m  and a i r  gas  supply  s y s t e m .  

The  r e s i s t a n c e  h e a t e r  was  e s s e n t i a l l y  a c a r b o n  s t e e l  s h e l l  v~ith an 
i n n e r  s t a i n l e s s  s t e e l  l i n e r  in which  a s p i r a l - w o u n d  coil  of Kan tha l  "~ w i r e  
was  m o u n t e d ,  p r o p e r l y  i n s u l a t e d  with F i b r e  F r a x  @. The  d e s i g n  cond i -  
t ions  fo r  th i s  h e a t e r  w e r e  1 ,000 ps i  and 2 ,000°I t .  E l e c t r i c a l  r e s i s t a n c e  
of the  h e a t i n g  e l e m e n t  was  a p p r o x i m a t e l y  2 o h m s .  The  h e a t e r  was  
o p e r a t e d  wi th  a d - c  power  supply  hav ing  two r a n g e s  of ope ra t i on :  4 ,000  
a m p  at 250 v and 2 ,000 amp  at 500 v. A b a l l a s t  r e s i s t o r  of 0 .4  o h m  was  
u s e d  in the  h e a t e r  c i r cu i t .  P e r f o r m a n c e  of th is  h e a t e r  was  c a l i b r a t e d  
wi th  a i r  fo r  m a s s  f lows  of 0. 16 to 0 .3  l b m / s e c  and output t e m p e r a t u r e s  
up to 1,800°R. The  h e a t e r  was  not c a l i b r a t e d  wi th  h e l i u m  b e c a u s e  of the  
cos t  invo lved ,  but r e s u l t s  o b s e r v e d  in o p e r a t i o n  of the  a c c e l e r a t i o n  n o z z l e  
wi th  h e l i u m  i n d i c a t e d  that  a p p r o x i m a t e l y  the  s a m e  t e m p e r a t u r e s  w e r e  
a t t a ined  as wi th  a i r .  

The  1 - i n . - I D  s t i l l i n g  c h a m b e r  (Fig.  11) was  m a c h i n e d  f r o m  a s t a i n -  
l e s s  s t e e l  ba r  and was  a t t ached  to the  r e s i s t a n c e  h e a t e r  by a s h o r t  l eng th  
of s t a i n l e s s  s t e e l  tubing.  P r o v i s i o n  is  m a d e  in the s t i l l i ng  c h a m b e r  f o r  

Total Pressure Measurement ~ _ _  

L___] I E]]]] j  

- _ 

Figure 11. Cross section of stilling chamber and nozzle of 
light-gas accelerator. 
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m e a s u r e m e n t  of s t agna t i on  p r e s s u r e  and t e m p e r a t u r e  and fo r  i n t r o d u c t i o n  
of p a r t i c l e s .  

The  p a r t i c l e  a c c e l e r a t i o n  n o z z l e  i t s e l f  (Fig.  11) was  m a d e  f r o m  a 
t a p e r e d  tube w e l d e d  to a t h r o a t  a s s e m b l y .  The  t a p e r e d  tubes  ob ta ined  
w e r e  of Type  347 s t a i n l e s s  s t e e l ,  having  a wal l  t h i c k n e s s  of 0. 035 in. 
and a l e n g t h  of a p p r o x i m a t e l y  25 in. The  tube was  cut to the  r e q u i r e d  
s i z e  and w e l d e d  to the  p r e - m a c h i n e d  t h r o a t  b lock.  The  n o z z l e  in l e t  is  a 
c i r c u l a r  a r c  t r a n s i t i o n  to the 0 . 5 - d e g  d i v e r g e n c e  angle  at the t a p e r e d  
tube.  The  t h r o a t  d i a m e t e r  is 0. 120 in. and the  d i a m e t e r  at the  25- in .  
l e n g t h  is 0 .55  in. 

A s i m p l e  p a r t i c l e  i n j e c t i o n  s y s t e m  was c o n s t r u c t e d ,  hav ing  a 
c a r b o n - s t e e l  r e s e r v o i r  wi th  an i n v e r t e d - c o n e  l o w e r  s u r f a c e .  Th i s  tank 
was  s e p a r a t e d  f r o m  the  s t i l l i n g  c h a m b e r  by a bal l  va lve  and m e t e r i n g  
o r i f i c e ,  p r e s s u r i z e d  by a r e g u l a t e d  h e l i u m  supply.  P a r t i c l e  i n j e c t i o n  
is  90 deg to the  ax is  of the flow; no a t t e m p t  was  m a d e  to i n j ec t  wi th  a 
v e l o c i t y  c o m p o n e n t  p a r r a l l e l  to the  flow. A v i b r a t o r  was  added  to the  
s y s t e m  to e n s u r e  a s m o o t h  and con t inuous  p a r t i c l e  f low. The  in i t i a l  
c o n f i g u r a t i o n  of th is  s y s t e m  p r o v i d e d  e x c e s s i v e  p a r t i c l e  flow r a t e s ,  
but a f t e r  m o d i f i c a t i o n  to al low i n j e c t i o n  u n d e r  e s s e n t i a l l y  z e r o  p r e s s u r e  
d i f f e r e n c e  a c r o s s  the  o r i f i c e s ,  flow r a t e s  as low as 0. 0006 l b m / s e c  
w e r e  ob ta ined .  

P r o v i s i o n s  w e r e  m a d e  fo r  m e a s u r i n g  the  s t a g n a t i o n  cond i t ions  
in the  r e s e r v o i r .  To c a l i b r a t e  the  exi t  f low, a t h r e e - p r o b e  r a k e  was  
des igned~fo r  t r a v e r s a l  of the flow. Th i s  r a k e  inc luded  a m e t a l - s h e a t h e d ,  
C h r o m e I ~ o A l u m e l  ~ s t agna t i on  point  t e m p e r a t u r e  p robe ,  a c o n v e n t i o n a l  
i m p a c t  p r e s s u r e  p robe ,  and a s t a t i c  p r e s s u r e  p robe .  The  s t a t i c  p r e s s u r e  
p robe  was  e v e n t u a l l y  r e m o v e d  s i n c e  v e r y  l i t t l e  da ta  w e r e  e v e r  r e t r i e v e d  
f r o m  it. The  r a k e  was  d r i v e n  by a ]~ow-speed t r a v e r s i n g  s y s t e m .  

P h o t o g r a p h s  of v a r i o u s  c o m p o n e n t s  of the  i n s t a l l a t i o n  a r e  g i v e n  in 
Fig. 12. 

3.1.2.2 Aerodynamic Calibration 

The l i g h t - g a s  a c c e l e r a t i o n  n o z z l e  was  c a l i b r a t e d  wi th  both a i r  and 
h e l i u m .  Changes  in n o z z l e  l e n g t h  due to t h e r m a l  e x p a n s i o n  r e q u i r e d  that  
the  c a l i b r a t i o n  p r o b e s  be p r e - p o s i t i o n e d  s o m e  d i s t a n c e  d o w n s t r e a m  of 
the  n o z z l e  exit .  Af t e r  a 4 - r a i n  s t a b i l i z a t i o n  pe r iod ,  the  gap  b e t w e e n  the  
p r o b e s  and n o z z l e  was  n a r r o w e d  to the  d e s i r e d  va lue  of 0. 10 in .  
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a. Heater end of apparatus 

b. Exit of nozzle 
Figure 12. Photographs of light-gas particle accelerator apparatus. 
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A t y p i c a l  i m p a c t  p r e s s u r e  p ro f i l e  m e a s u r e d  at the  n o z z l e  ex i t  f o r  
a i r  at Po = 935 ps i  and T o = 1,284°R is  g i v e n  in Fig .  13. At th i s  l o w e r  
T o, the nozz l e  flow shou ld  not be m e r g e d  and a s m a l l  r e g i o n  of c o n s t a n t  
i m p a c t  p r e s s u r e  does  a p p e a r  at the cen t . e r l ine  of the  p ro f i l e .  U n d e r  th i s  
cond i t ion ,  it is  l e g i t i m a t e  to i n f e r  a n o z z l e  exi t  s t a t i c  p r e s s u r e  f r o m  the  
i m p a c t  p r e s s u r e  and an a s s u m e d  i s e n t r o p i c  e x p a n s i o n  on the n o z z l e  
c e n t e r l i n e .  T h i s  p r e s s u r e  was  a s s u m e d  to be ( e s s e n t i a l l y )  c o n s t a n t  o v e r  
the  p r o f i l e  and P /Po  u s e d  to ob ta in  the Mach  n u m b e r  p r o f i l e ,  a l so  s h o w n  
in F ig .  13. The  o s c i l l a t i o n  in the  i m p a c t  p r e s s u r e  p ro f i l e  is  b e l i e v e d  
to be the r e s u l t  of obl ique  s h o c k s  at  the  nozz l e  exi t  due to o v e r e x p a n d e d  
flow cond i t i ons .  
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Figure 13. Pi tot  pressure and Mach number  profiles in light-gas particle 
acceleration nozzle operated wi th  air. 

- J O  
0 .20  

At a l l  l o w e r  s t a g n a t i o n  t e m p e r a t u r e s ,  the b o u n d a r y  l a y e r  wi l l  be 
e v e n  t h i n n e r ,  so  tha t  the s a m e  p r o c e d u r e  shou ld  be va l id  to ob ta in  the 
c e n t e r l i n e  Mach  n u m b e r ,  shown in F i g .  14 f o r  a i r  as  a f u n c t i o n  of T o. 
ThE ex_per imenta l  M ~  c u r v e  is  p a r a l l e l  to the i n v i s c i d  c u.rve (which  
d e c r e a s e s  wi th  T O b e c a u s e  of r e a l  gas  e f f e c t s  in a i r )  and r o u g h l y  h a l f -  
way  b e t w e e n  the  i n v i s c i d  c u r v e  and the  v i s c o u s  flow s o l u t i o n  ob t a ined  
wi th  the o n e - d i m e n s i o n a l  p r o g r a m .  The  a i r  l i q u e f a c t i o n  b o u n d a r y  is  
shown  f o r  r e f e r e n c e  as well  as v e l o c i t i e s  c a l c u l a t e d  fo r  50- and 100-~ 
p a r t i c l e s  of MgO. 
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Figure 14. Mach number and calculated particle velocity in light-gas 
accelerator, air. 
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C o r r e s p o n d i n g  a e r o d y n a m i c  c a l i b r a t i o n  da ta  ob ta ined  wi th  h e l i u m  
at pp = 750 ps i  a r e  g iven  in F ig .  15. The  e x p e r i m e n t a l  Mach n u m b e r s  
aga in  fal l  b e t w e e n  the  i n v i s c i d  l ine  (cons tan t  fo r  a p e r f e c t  gas)  and the  
v i s c o u s  n o z z l e  ca lcu la t ion ;  h o w e v e r ,  in the case  of h e l i u m ,  the  r e s u l t s  
a r e  c l o s e r  to the  v i s c o u s  ca lcu la t ion .  The  t r e n d s  a r e  the  s a m e  as for  
the  c a l i b r a t i o n  wi th  a i r .  

3.1.2.3 Particle Velocity Calibration 

Dur ing  the in i t i a l  work  wi th  the l i g h t - g a s  a c c e l e r a t i o n  n o z z l e ,  the  
only t e c h n i q u e  ava i l ab le  to obta in  an i nd i ca t i on  of h igh v e l o c i t i e s  was  that  
of i m p a c t  s p e c i m e n s .  P h o t o g r a p h s  of two 1 /16 - in .  - d i a m  s t e e l  r o d s  ex -  
posed  to p a r t i c l e  f lows for  p e r i o d s  of 1 s e c  a r e  shown in Fig .  16. Note 
the  d i f f e r e n c e  b e t w e e n  the  s p e c i m e n  e x p o s e d  to 2 , 7 0 0 - f t / s e c  p a r t i c l e s  of 
MgO a c c e l e r a t e d  by a i r  and the s p e c i m e n  exposed  to 5 , 2 0 0 - f t / s e c  p a r t i -  
c l e s  of MgO a c c e l e r a t e d  by h e l i u m .  E v e n  s p e c i m e n s  e x p o s e d  to 100-p 
g l a s s  b e a d s  a c c e l e r a t e d  by cold h e l i u m  d i sp lay  c h a r a c t e r i s t i c  h y p e r v e -  
l oc i t y  i m p a c t  c r a t e r s  (Fig.  17). 

An e x t e n s i v e  e f fo r t  was  m a d e  to ob ta in  p a r t i c l e  v e l o c i t y  m e a s u r e -  
m e n t s  by use  of the d o u b l e - p u l s e  h o l o g r a p h y  t echn ique  u s e d  so s u c c e s s -  
ful ly in the DET. H o w e v e r ,  the m u c h  h i g h e r  dens i t y  and t u r b u l e n c e  
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Figure 17. Photograph of impact bar after exposure to 100-# glass beads 
at 3,200 ftJsec (calculated). 

l e v e l s  in the  l i g h t - g a s  p a r t i c l e  a c c e l e r a t i o n  nozz l e  w e r e  found to  d e g r a d e  
the ob jec t  b e a m  to such  an ex ten t  that  the  h o l o g r a m s  w e r e  not r e c o n -  
s t r u c t i b l e .  N e a r  the  end of the p r o j e c t  e f fo r t ,  h o w e v e r ,  v e l o c i t y  m e a s -  
u r e m e n t s  w e r e  ob ta ined  with a l a s e r  ( d o p p l e r ) v e l o c i m e t e r  wh ich  was  
o p t i m i z e d  for  the cond i t ions  of the l i g h t - g a s  nozz le .  As no t ed  be low,  
the  v e l o c i t i e s  m e a s u r e d  in the  n o z z l e  w e r e  c l o s e  to p r e d i c t e d  v a l u e s .  

3.1.2.4 Evaluation of One-Dimensional Program 

U l t i m a t e l y ,  the  o n e - d i m e n s i o n a l  p r o g r a m  shou ld  be j udged  on the  
ba s i s  of i ts  i n t ended  use ,  n a m e l y ,  to p r e d i c t  the  v e l o c i t i e s  of p a r t i c l e s  
wh ich  a r e  a c c e l e r a t e d  by d rag  f o r c e s  in s p e c i a l  a c c e l e r a t i o n  n o z z l e s .  
A s u m m a r y  plot  of p a r t i c l e  v e l o c i t i e s  m e a s u r e d  by two d i f f e r e n t  t e c h -  
n iques  in two d i f f e r e n t  f a c i l i t i e s ,  in c o m p a r i s o n  wi th  v a l u e s  p r e d i c t e d  
by the  o n e - d i m e n s i o n a l  p r o g r a m ,  is g iven  in Fig.  18. Th i s  c o m p a r i s o n  
c l e a r l y  e s t a b l i s h e s  the o n e - d i m e n s i o n a l  p r o g r a m  as a va luab l e  d e s i g n  
tool  and a p p e a r s  to e l i m i n a t e  the  p o s s i b i l i t y  of any m a j o r  e r r o r s  in the  
d r a g  coe f f i c i en t  r o u t i n e ,  the  th ick  b o u n d a r y - l a y e r  f o r m u l a t i o n ,  or  the  
r e a l  gas  r o u t i n e s  fo r  a i r  p r o p e r t i e s .  In addi t ion ,  the  a g r e e m e n t  of the  
a e r o d y n a m i c  c a l i b r a t i o n  wi th  p r e d i c t i o n s  of the  p r o g r a m  is f u r t h e r  e v i -  
d e n c e  that  the  gas  d y n a m i c  f o r m u l a t i o n  of the  p r o g r a m  is sound.  
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3.2 TWO-DIMENSIONSL TRAJECTORY EXPERIMENT IN THE 
DUST EROSION TUNNEL 

Analy t i ca l  t r a j e c t o r i e s  computed for  p a r t i c l e s  in v a r i o u s  flow 
f ie lds  sugges ted  that  p a r t i c l e s  of 100-/~ d i a m e t e r ,  when moving  at 
ve loc i t i e s  of thousands  of feet  per  second,  a re  v e r y  i n sens i t i ve  to 
def lec t ion  by the flow f ie lds .  Since such behav io r  could be of v e r y  
g r e a t  use  in opera t ion  of a combined a b l a t i o n / e r o s i o n  nozzle ,  e x p e r -  

imen ta l  v e r i f i c a t i o n  of th is  was cons ide red  to be of subs t an t i a l  impor tance .  
An e x p e r i m e n t  was des igned  for  th is  purpose  in which p a r t i c l e s  would be 
subjec ted  to a c r o s s  flow c r ea t ed  in P r a n d t l - M e y e r  expans ion  f o r m e d  in 
the DET. 

The DET fac i l i ty  (Fig. 19) p rov ides  pa r t i c l e  flow at high ve loc i ty  
in a nozzle  which may  be opera ted  at s e v e r a l  l eng ths ,  the e x t r e m e s  
product ing  Mach number s  of 5 .9  and 9.47.  Th i s  f ac i l i ty  ope ra t e s  with 
a 5-MW a r c  h e a t e r  providing r e s e r v o i r  condit ions of 1,000 psi  and 
entha lpy  f r o m  400 to 2,000 Btu / lbm.  
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Figure 19. Schematic of AEDC/PWT Dust Erosion Tunnel (DET). 

An a d j u s t a b l e  wedge mode l  was  de s igned  and f a b r i c a t e d  f r o m  
s t a i n l e s s  s t e e l  (Fig .  20). By v a r y i n g  the angle  of a t t ack  of th i s  m o d e l ,  
a P r a n d t l - M e y e r  e x p a n s i o n  flow of d e s i r e d  s t r e n g t h  could be g e n e r a t e d  
on the l ee  s ide  of the  mode l .  The  wedge t ip  is  r e p l a c e a b l e ,  and up to 
t en  3 / 1 6 - i n .  - d i a m  i m p a c t  b a r s  w e r e  moun ted  on the  l ee  s u r f a c e .  The  
t r a j e c t o r y  of p a r t i c l e s  in the P r a n d t l - M e y e r  flow r e g i o n  can  be d e t e r -  
m i n e d  by l o c a t i o n  of the i m p a c t  b o u n d a r i e s  on e a c h  s u c c e s s i v e  ba r .  To  
the ex t en t  tha t  the p a r t i c l e s  wi l l  have  a c e r t a i n  s p r e a d  in s i ze  (F ig .  6), 
s h a p e  (Fig .  5), and p r o b a b l y  s m a l l  d i f f e r e n c e s  in i n i t i a l  v e l o c i t y  v e c t o r ,  
the b o u n d a r y  of the  i m p a c t  zone wi l l  be s o m e w h a t  d i f fused ,  i n c r e a s i n g l y  
so at the  m o r e  d o w n s t r e a m  i m p a c t  b a r s .  

Figure 20. Photograph of PrandtI-Meyer expansion test model. 

AEDC~ 
10338-731 
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T w e l v e  t e s t s  of the P r a n d t l - M e y e r  flow m o d e l  w e r e  r u n  in the  D E T  
(Table  3). The  t e s t s  p e r f o r m e d  at M = 7 .5  w e r e  p a r a s i t e  t e s t s  p e r f o r m e d  
d u r i n g  o p e r a t i o n  of the D E T  fo r  a n o t h e r  p u r p o s e .  T h e y  w e r e  p e r f o r m e d  
f o r  f a m i l i a r i z a t i o n  only s i n c e  p r i o r  c a l c u l a t i o n s  i n d i c a t e d  the  p a r t i c l e  
d e f l e c t i o n s  at  the  M = 7 .5  cond i t i on  would  not  be d e t e c t a b l e .  When  the  
D E T  b e c a m e  a v a i l a b l e  f o r  a t e s t  d e d i c a t e d  to the  p a r t i c l e  t r a j e c t o r y  
s tudy ,  the  m o d e l  w a s  m o v e d  u p s t r e a m  to the M = 5 .5  s t a t i on ,  f o r  w h i c h  
c ond i t i on s  the  t h e o r e t i c a l  a n a l y s i s  i n d i c a t e d  tha t  d e t e c t a b l e  d e f l e c t i o n s  
o v e r  a 7- in .  l e n g t h  would  o c c u r .  As shown  in T a b l e  3, s i x  t e s t s  w e r e  
p e r f o r m e d  at M = 5 .5 ,  u s i n g  g l a s s  b e a d s  of two d i f f e r e n t  d i a m e t e r s ,  
MgO p a r t i c l e s ,  and T iO 2 p a r t i c l e s .  

Test 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Table 3. Conditions for PrandtI-Meyer Flow Tests in Dust Erosion Tunnel 

Anole of  Attack = Tunnel Conditions Particles Pr~ndtl-Meyer Exp. Angle 

Measured Calculated from 
N~r~inal ~p Before Curve-Fit 

Po Ho Rach Vz Ps Mat'] Dp lb/tn~ Run, deg To Trajectory psi 8 t u / l l ~  Number f t /sec psi p 

1014 465 7.55 4815 0.140 M90 100 0.132 5.20 5.74 

1004 482 7.55 4902 0.139 M90 100 0.132 5.27 5.51 

998 455 7.55 4763 0.138 Glass 650 0.087 7.33 7.83 

996 473 7.55 4856 0,137 Glass 50 0.087 7,29 7,54 

1000 513 7.55 5057 0.138 Glass 50 0.087 7.22 7.68 

996 431 5.9 4289 0.637 Glass 100 0.087 5.57 8.22 

1002 430 5.9 4284 0.641 MgO 50 0,132 5.35 6.41 

996 419 5.9 4229 0.637 Glass 25 0.087 5.35 6.26 

1002 415 5.9 4209 0,641 TiOz 1 0.147 5.33 5.33 

350 1750 5.9 8643 0.224 TfO 2 1 0,147 5.35 6.13 

996 437 5.9 4319 0.637 Glass 25 0.087 5.34 6.53 

1000 400 7.55 4466 0.138 M90 100 0.]32 5.32 5.82 

A p h o t o g r a p h  of the m o d e l  a f t e r  a r u n  is shown  in  F ig .  21 and a 
p h o t o m i c r o g r a p h  of one of the  f o r w a r d  i m p a c t  b a r s  i s  g i v e n  in F ig .  22. 
The  edge  of the  i m p a c t  a r e a  is c l e a r l y  e v i d e n t ,  e v e n  though  it is  not  
p e r f e c t l y  s h a r p .  The  t r a j e c t o r y  w a s  de f i ned  by the  m e a n  i m p a c t  point ,  
a s s u m e d  to l i e  ha l fway  b e t w e e n  the point  w h e r e  t h e r e  a r e  e s s e n t i a l l y  no 
i m p a c t s  and the  point  w h e r e  t h e r e  is j u d g e d  to be e s s e n t i a l l y  u n i f o r m  
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c o v e r a g e  in the  i m p a c t  zone .  T h i s  pos i t i on  was  m e a s u r e d  to a r e s o l u t i o n  
of 0. 0001 in. on the  p h o t o m i c r o g r a p h .  The  i m p a c t  l o c a t i o n s  w e r e  c u r v e -  
f i t  to an  h y p e r b o l a  p a s s i n g  t h r o u g h  the s h a r p  t ip  of the m o d e l  and the  
m o d e l  ang le  of a t t a ck  w a s  e s t a b l i s h e d  by a t angen t  to the  h y p e r b o l a  at 
the  n o s e t i p .  In a l l  c a s e s ,  the  m o d e l  ang le  of a t t ack  d e t e r m i n e d  in th i s  
m a n n e r  was  g r e a t e r  than  the angle  of a t t ack  m e a s u r e d  b e f o r e  the r u n ,  
s u g g e s t i n g  a d e f l e c t i o n  due  to the  a i r  l o a d s  d u r i n g  the run .  Both a n g l e s  
of a t t a ck  a r e  g iven  in T a b l e  3. 

P a r t i c l e  t r a j e c t o r y  da ta  f o r  a t y p i c a l  c a s e  a r e  g i v e n  in F ig .  23. 
T h e s e  d a t a  a r e  f o r  2 5 - p g l a s s  b e a d s  p a s s i n g  t h r o u g h  a 6 . 5 3 - d e g  P r a n d t l -  
M e y e r  e x p a n s i o n  at M = 5 . 5 ,  wi th  Po = 996 psi ,  H o = 437 B t u / l b m .  B a s e d  
on the  o n e - d i m e n s i o n a l  p r o g r a m  fo r  th i s  c a s e ,  the  gas  v e l o c i t y  was  4 , 3 0 2  
f t / s e c  and the p a r t i c l e  v e l o c i t y  was  3 ,900  f t / s e c .  In th i s  c a s e  the c r o s s -  
s t r e a m  d e f l e c t i o n  of 0. 0327 in. was  s l i g h t l y  l e s s  t han  the  p r e d i c t e d  d e f l e c -  
t ion  of 0. 0369 in. at 6 .65  in. f r o m  the nose  of the  m o d e l .  

A s u m m a r y  of p r e d i c t e d  c r o s s - s t r e a m  d e f l e c t i o n  6 . 6 5 - i n .  down-  
s t r e a m  of 6 . 2 5 - d e g  P r a n d t l - M e y e r  c o r n e r ,  f o r  a l a r g e  r a n g e  in p a r t i c l e  

Figure 21. Photograph of PrandtI-Meyer expansion test model 
after run in DET. 

AEDC 
10513-?3 
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Figure 22. Photomicrograph o f  impact  bar f rom PrandtI-Meyer test model.  
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Figure 23. Tra jectory  measurements fo r  25-/~ glass beads in 
PrandtI-Meyer expansion test in DET. 
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d i a m e t e r s ,  i s  g iven  in F ig .  24. The  c a l c u l a t i o n s  p r e d i c t  a l l  p a r t i c l e s  
wi th  d i a m e t e r s  g r e a t e r  t han  10-/~ wi l l  de f l ec t  no m o r e  than  0 . 1 0  i n . ,  
r e p r e s e n t i n g  n e a r l y  l i n e a r  t r a j e c t o r i e s .  Al l  p a r t i c l e s  hav ing  d i a m e t e r s  
l e s s  than  1 ~ wi l l  e s s e n t i a l l y  fol low the flow s t r e a m l i n e s .  The  t r a n s i t i o n  
r e g i o n  c o v e r s  a f a i r l y  n a r r o w  decade  of d i a m e t e r s  be tween  1 and 10/~.  
The  e x p e r i m e n t a l  po in t s  fo r  the beads  and the T iO 2 p a r t i c l e s  a r e  in good 
a g r e e m e n t  wi th  the  p r e d i c t i o n s ,  but the d e f l e c t i o n  of the MgO p a r t i c l e s  
of 50-/~ d i a m e t e r  is  about t h r e e  t i m e s  the p r e d i c t e d  va lue .  E x c e p t  fo r  
the  s i n g l e  1V~O point ,  the da ta  e s t a b l i s h  the adequacy  of the  t w o - d i m e n -  
s i o n a l  t r a j e c t o r y  p r o g r a m  fo r  d e s i g n  p u r p o s e s .  It is  not known w h e t h e r  
the  M g 0  point  is  an e x c e p t i o n a l  point  or  w h e t h e r  it  r e f l e c t s  i n c r e a s e d  
d r a g  due to the  i r r e g u l a r  shape  of the MgO p a r t i c l e s .  In v iew of the  
good a g r e e m e n t  of o n e - d i m e n s i o n a l  a c c e l e r a t i o n  of MgO p a r t i c l e s  wi th  
c a l c u l a t i o n s ,  it i s  not  d e e m e d  l i k e l y  tha t  the d i s c r e p a n c y  is  the r e s u l t  
of i r r e g u l a r  s h a p e s .  The  t e s t  da ta  a p p e a r  to c o n f i r m  the  c a l c u l a t i o n s  
at the  e x t r e m e s  of d i a m e t e r s  n e a r  the l i m i t i n g  c a s e s ,  but u n f o r t u n a t e l y ,  
no p a r t i c l e  s a m p l e s  w e r e  a v a i l a b l e  which  would have  f a l l e n  in  the  t r a n -  
s i t i o n  r e g i m e .  

0 
" ' ~ . , ' -  II I 

" M = 5 9  ~ - ' - "  
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U i i  C 
- " 0 GLASS ,' 
;~ [3 MgO / 
0 0 . 3 0  A T, 0= m;~,,,, 
I -  MEASURED U bJ " P = 0 130 1b/re. ~, (MqO, T, 0 z) 
-J ( TEST NO INDICATED ] . , ~  
LL. / , /  \ uJ 040-- 
a / P = 0 087 Ib/m. ~, (GLASS) 

bJ " i i  

I _u 050 - ~ ,  I-- /Z~; / 
- 

0 60 -- , ,"  
s 

0 7 0  ~ ' = ~ - L = ' ~ - U J ~  
0 O I  2 0 5  

Figure 24. 
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P A R T I C L E  D I A M E T E R ,  m i c r o n s  

Summary of particle deflection data 6.65 in. from 
PrandtI-Meyer corner, DET, M = 5.9. 
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36 



A EO C-T R - 7 5 - 1 5 4  

4.0 ANALYSIS AND DESIGN OF A COMBINED 
ABLATION/EROSION NOZZLE 

An a n a l y s i s  of the p r o p o s e d  a b l a t i o n / e r o s i o n  n o z z l e  was  conduc ted ,  
u s ing  as d e s i g n  too l s  the  p r o g r a m s  fo r  g a s / p a r t i c l e  flow d e s c r i b e d  in 
Sec t ion  2 .0  and which  had been  e x p e r i m e n t a l l y  v e r i f i e d  as d e s c r i b e d  in 
Sec t ion  3 .0 .  

4.1 PARAMETRIC DESIGN STUDY OF ABLATION/EROSION 
NOZZLE 

A d e t a i l e d  n u m e r i c a l  a n a l y s i s  of the  n o z z l e  con f igu ra t i on  shown in 
Fig .  2 was  m a d e .  The  a r c - h e a t e r  r e s e r v o i r  cond i t ions  w e r e  a s s u m e d  to 
be Po = 200 a tm and H o = 2 ,100  B t u / l b m ,  wh ich  a r e  r e p r e s e n t a t i v e  m a x i -  
m u m  p r e s s u r e  o p e r a t i n g  cond i t ions  fo r  a t yp i ca l  h i g h - p r e s s u r e  a r c  h e a t e r .  
The  l i g h t - g a s  p a r t i c l e  a c c e l e r a t i o n  nozz l e  was  a s s u m e d  to i n t e r s e c t  the  
a r c - h e a t e d  a i r  n o z z l e  at ang le s  of 10, 15, and 20 deg.  The  d i v e r g e n c e  
h a l f - a n g l e  of the  l i g h t - g a s  n o z z l e  was  a s s u m e d  to be 0 .5  deg.  The  in i t i a l  
c a l c u l a t i o n s  w e r e  m a d e  with h e l i u m  as the l igh t  gas  and wi th  r e s e r v o i r  
cond i t ions  of 1,000 ps i  and 2 ,000°R.  

4.1.1 Flow-Field Analysis 

F l o w - f i e l d  cond i t ions  u p s t r e a m  and d o w n s t r e a m  of the  h e l i u m  and 
a i r  shock  w a v e s  w e r e  ob ta ined  by use  of the  c o m p u t e r  p r o g r a m  d e s c r i b e d  
in Sec t ion  2 .2 ,  wh ich  p e r f o r m e d  i s e n t r o p i c  e x p a n s i o n  c a l c u l a t i o n s  up to 
the  s h o c k s  and s o l v e d  the obl ique  shock  r e l a t i o n s  fo r  the  d i f f e r e n t  d e f l e c -  
t ion  ang le s ,  wi th  the  c o n s t r a i n t  that  the  s t a t i c  p r e s s u r e s  on both s i d e s  of 
the  h e l i u m / a i r  i n t e r f a c e  be equal .  So that  cond i t ions  d o w n s t r e a m  of the  
a i r  shock  be r e p r e s e n t a t i v e  of a h i g h - p r e s s u r e  ab la t ion  je t ,  it was  d e s i r e d  
tha t  the p r e s s u r e  u p s t r e a m  of the  a i r  shock  be a p p r o x i m a t e l y  5 a tm.  
P a r a m e t e r s  u s e d  as input  to the p r o g r a m  w e r e  the a r c - h e a t e r  r e s e r v o i r  
cond i t i ons ,  the  a i r  n o z z l e  Mach n u m b e r ,  the  h e l i u m  nozz l e  r e s e r v o i r  
cond i t i ons ,  and the  i m p i n g e m e n t  angle  b e t w e e n  the  two j e t s .  R e s u l t s  of 
t h e s e  c a l c u l a t i o n s  a r e  g iven  in Fig .  25. Note that  the  s t a t i c  p r e s s u r e  
d o w n s t r e a m  of the  a i r  shock  is 15.95 a tm fo r  the 2 0 - d e g  d e f l e c t i o n  ca se .  
Th i s  i m p i n g e m e n t  angle  of 20 deg  was s e l e c t e d  fo r  f u r t h e r  d e t a i l e d  
a n a l y s e s  of the  con f igu ra t i on ,  m a i n l y  b e c a u s e  of an t i c i pa t ed  d e s i g n  p r o b -  
l e m s  wi th  use  of s m a l l e r  ang les .  

4.1.2 Light-Gas Acceleration Nozzle Analysis 

Flow in the  h e l i u m  nozz le  was  a n a l y z e d  wi th  the  o n e - d i m e n s i o n a l  
p a r t i c l e  a c c e l e r a t i o n  p r o g r a m  d e s c r i b e d  in Sec t ion  2 .1 .  The  t h r o a t  
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Po = 200  at r n ~  
Ho :  2100 Btu/lbm ~-'~'-'--'~'~,~. 

. . . .  

,0009:" 

UPSTREAM OF SHOCK DOWNSTREAM OF SHOCK 
Mj PI' T,, V, , ~W, Mz Pz' Tz' Vz ' 

atm = R ft/sec de~ arm °R ft/sec 
HELIUM ;~.98 2.17 505 9637 I0 2.32 5.00 716 8915 

Po = IO00psl 5.39 I 33 414 9924 15 2.19 | 751 8653 
To =2000=R 5.82 0.82 3411OI50 20 2.06 ~ 850 8513 

AIR 2.94 5.00:3240 7863 10 2.56 9.10 3758 7344 
Po= 2 0 ~ o t m  ~ ~ ~ ~ 15 2.38 l l .983985  7024 

Ho-21OOBtu/Ibm ,20 2.09 15.95 4666 6625 

Figure 25. Resulls of flow-field calculations for proposed 
ablation/erosion nozzle. 

d i a m e t e r  was  a s s u m e d  to be 0. 119 in. The  r e q u i r e d  s t a t i c  p r e s s u r e  in 
the  h e l i u m  flow u p s t r e a m  of the shock  is  0 .82  a tm fo r  the  2 0 - d e g  d e f l e c t i o n  
case  (Fig.  25), and th is  d e t e r m i n e d  the  l e n g t h  of the  h e l i u m  n o z z l e  to be 
18.2 in. The  r e s u l t s  of the  b o u n d a r y - l a y e r  c a l c u l a t i o n s  ind ica te  a m e r g i n g  
of the  b o u n d a r y  l a y e r  s e v e r a l  i n c h e s  u p s t r e a m  of the 1 8 . 2 - i n .  l eng th .  In 
v iew of the u n c e r t a i n t y  of the  e f fec t  of the b o u n d a r y  l a y e r  m e r g i n g  9n the 
p a r t i c l e  a c c e l e r a t i o n ,  o p e r a t i o n  of the  n o z z l e  wil l  be a t t e m p t e d  in t h i s  
conf igura t ion .  H o w e v e r ,  ff m e r g i n g  c r e a t e s  a s e r i o u s  p r o b l e m  in p r a c -  
t i ce ,  it m a y  be n e c e s s a r y  to i n c r e a s e  the nozz l e  d i v e r g e n c e  in th i s  r e g i o n .  
Ca l cu l a t i o n s  w e r e  m a d e  fo r  MgO p a r t i c l e s  having  v a r i o u s  d i a m e t e r s  b e -  
t w e e n  10 and 1,000 p ,  and the  f ina l  p a r t i c l e  v e l o c i t i e s  w e r e  found to r a n g e  
f r o m  8 ,000  to 1 ,700 f t / s e c .  The  f ina l  gas  v e l o c i t y  was  10,150 f t / s e c .  

4.1.3 Particle Trajectory Calculations 

The t w o - d i m e n s i o n a l  t r a j e c t o r i e s  of p a r t i c l e s  c r o s s i n g  the  fou r  
flow f i e ld  r e g i o n s  of Fig.  25 w e r e  c a l c u l a t e d  wi th  the  p r o g r a m  d e s c r i b e d  
in Sec t ion  2 .2 .  Ca l cu l a t i ons  w e r e  m a d e  fo r  the  2 0 - d e g  i m p i n g e m e n t  c a s e  
and wi th  MgO p a r t i c l e  d i a m e t e r s  f r o m  10 to 1,000 p .  As a c o n s e r v a t i v e  
m e a s u r e  to allow fo r  p o s s i b l e  b o u n d a r y - l a y e r  m e r g i n g ,  the  in i t i a l  p a r t i c l e  
v e l o c i t i e s  fo r  the t r a j e c t o r y  ca l cu l a t i ons  w e r e  a s s u m e d  to be t h o s e  at the  
m e r g e  point  r a t h e r  than at the end  of the  nozz l e .  It was  found that  t h e r e  
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was  a s t r o n g  t e n d e n c y  for  the t r a j e c t o r i e s  d o w n s t r e a m  of the  h e l i u m  shock  
to c o n v e r g e  to a s ing le  t r a j e c t o r y .  Th i s  r e s u l t s  f r o m  the  fact  tha t  the  in i -  
t i a l  v e l o c i t i e s  d e v e l o p e d  in the  a c c e l e r a t i o n  n o z z l e  v a r y  i n v e r s e l y  wi th  the  
p a r t i c l e  s i z e  or  m a s s .  In Fig.  26, the t r a j e c t o r i e s  of al l  p a r t i c l e s  in the 
r a n g e  f r o m  50 to 1,000/~ a r e  s h o w n a s  a s ing le  cu rve .  The  10-/J p a r t i c l e s ,  
h o w e v e r ,  showed  s u b s t a n t i a l l y  g r e a t e r  d e v i a t i o n  f r o m  a s t r a i g h t  l i ne  and 
a r e  r e p r e s e n t e d  by a s e p a r a t e  cu rve .  A s u m m a r y  of p a r t i c l e  t r a j e c t o r y  
p a r a m e t e r s  is g iven  in Table  4 fo r  the  f ive  l o c a t i o n s  i nd i ca t ed  in Fig.  26. 

. . _  - -  ~,,, ~ a'5 ..d,;~O0 l~ ? 

0.875" . . . . . . . . .  " ~ ' ~  

H "  

Figure 26. Particle trajectories calculated in ablation/erosion nozzle. 

Table 4. Characteristics of Trajectories in Ablation/Erosion Nozzle 

LOCAT ION 

A- HELIUM SHOCK 

B- He/AIR BOUNDARY 

C- AI R SHOCK 

D- 2.14" FROM 
He SHOCK 

E- 2.86" FROM 
He SHOCK 

NORMAL DEF., 
inches 

Dp:lO 100 I000 ~ 

0 0 0 

.0014.0004.0005 

.0511 .0158 .0192 

• I 134 .0339.0406 

• 1524 .0505.0575 

AS, 
degrees 

10 I00 IOOC 
F F / • 

0 0 0 

3.62 O. 16 0.2 I 

1457 1.34 1.61 

5.741.31 1.52 

3.22 1.28 1.45 

~RTICLE VELOCITY 
f t /sec 

I0 100 1000 
/1 /2 F 

8028 4390 1700 

8030 4405 1713 

7918 4510 1808 

7604 4547 1890 

7427 4578 1953 
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It is  ev iden t  tha t  p a r t i c l e s  hav ing  d i a m e t e r s  f r o m  50 to 1,000 p de-  
f l ec t  0 .05  to 0 . 0 6  in. n o r m a l  to the  i n i t i a l  d i r e c t i o n  and the  v e l o c i t y  v e c t o r  
is  t u r n e d  by only  1.3 to 1 .5  deg. T h e s e  t r a j e c t o r i e s  a r e  e s s e n t i a l l y  s t r a i g h t  
l i n e s .  The  nozz l e  could be u s e d  as  shown  in F ig .  26 or  the  g e o m e t r y  could 
be t a i l o r e d  to the t r a j e c t o r i e s  by a s m a l l  r o t a t i o n  of the u p p e r  s u r f a c e  of 
the  s k i m m e r .  The  l i n e a r  and a n g u l a r  d e f l e c t i o n s  of the 10-p p a r t i c l e s  a r e  
a p p r o x i m a t e l y  t h r e e  t i m e s  l a r g e r  than  fo r  the  l a r g e r  p a r t i c l e s .  S ince  the  
p r o p o s e d  f a c i l i t y  concept  wi l l  o p e r a t e  wi th  100-p p a r t i c l e s ,  t h i s  is  not a 
h a n d i c a p  to the  des ign .  

4.1.4 Skimmer Heat Transfer 

The  s k i m m e r  s e c t i o n  wi l l  no doubt p r e s e n t  a d i f f i cu l t  d e s i g n  p r o b l e m  
b e c a u s e  of the h igh  h e a t - t r a n s f e r  r a t e s .  C a l c u l a t i o n s  of the t u r b u l e n t  
h e a t i n g  r a t e s  on the a i r  s ide  of the s k i m m e r  give v a l u e s  a p p r o a c h i n g  
10,000 B t u / f t 2 - s e c  n e a r  the  t ip ,  but a v e r a g e  v a l u e s  o v e r  the  f i r s t  inch  a r e  
only 5 ,700  B t u / f t 2 - s e c .  The a v e r a g e  hea t  l oad  could e a s i l y  be a b s o r b e d  
by i n t e r n a l  w a t e r  cool ing;  h o w e v e r ,  the  s h a r p  t ip  of the  s k i m m e r  m a y  have  
to be rounded  s l i g h t l y  to r e d u c e  the peak hea t ing  l o c a l l y .  T h e r e  m a y  a l so  
be s o m e  s l i gh t  r e l i e f  as  a r e s u l t  of l a m i n a r  hea t  t r a n s f e r  n e a r  the  t ip .  

4.1.5 Use of Hydrogen as Accelerator Gas 

The  p e r f o r m a n c e  of the a c c e l e r a t i o n  nozz l e  could,  of c o u r s e ,  be 
i n c r e a s e d  by i n c r e a s i n g  the r e s e r v o i r  t e m p e r a t u r e  of the  h e l i u m .  U l t i m a t e  
m a x i m u m  p e r f o r m a n c e  of the  nozz l e  could be ob ta ined  by the u s e  of h y d r o -  
gen,  s i nce  it has  twice  the s p e c i f i c  hea t  of h e l i u m .  P r e l i m i n a r y  c a l c u -  
l a t i o n s  w e r e  m a d e  fo r  h y d r o g e n  in the p r e s e n t  nozz l e ,  and for  the  s a m e  
l igh t  ga s  r e s e r v o i r  cond i t ions  of 1 ,000 ps i  and 2 ,000°R,  v e l o c i t i e s  of 
100-p MgO p a r t i c l e s  w e r e  i n d i c a t e d  to be 7 ,170  f t / s e c ,  c o m p a r e d  wi th  
4 ,390  f t / s e c  in the h e l i u m  nozz le .  Howeve r ,  the b o u n d a r y - l a y e r  c a l c u -  
l a t i o n  i n d i c a t e s  tha t  a s u b s t a n t i a l l y  e a r l i e r  m e r g i n g  and a t t a i n m e n t  of the  
h y d r o g e n  p e r f o r m a n c e  would be con t ingen t  upon avo id ing  any p r o b l e m s  
a s s o c i a t e d  wi th  bounda ry  l a y e r  m e r g i n g .  In addi t ion ,  the  use  of h y d r o g e n  
would p r e s e n t  m a n y  s a f e ty  p r o b l e m s  and h a z a r d s  which  would r e q u i r e  
t h o r o u g h  i n v e s t i g a t i o n .  

4.2 DETAIL DESIGN OF A FIRST-GENERATION 
ABLATION/EROSION NOZZLE 

F o r  the p u r pos e  of p r o o f - t e s t i n g  a f i r s t  g e n e r a t i o n  a b l a t i o n / e r o s i o n  
nozz l e ,  it was  dec ided  to r e l a x  the a r c - h e a t e r  o p e r a t i n g  cond i t ions  to 150 
a tm  in o r d e r  to avoid t r o u b l e s o m e  o p e r a t i o n a l  p r o b l e m s  wi th  the a r c  h e a t e r .  
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A d e s i g n  s t a g n a t i o n  en tha lpy  of 2 ,200  Btu /  l b m  was  c h o s e n  fo r  t h i s  p r e s -  
s u r e  l eve l .  It was  fe l t  tha t  t h e s e  cond i t ions  wi l l  p rov ide  a r e a s o n a b l e  
ab l a t i on  e n v i r o n m e n t  in which  to a s s e s s  p e r f o r m a n c e  of the nozz le .  
R e s e r v o i r  cond i t ions  for  the l i g h t - g a s  a c c e l e r a t i o n  nozz l e  w e r e  c h o s e n  
to be 1 ,000 ps i  and 1,750~R, us ing  h e l i u m .  T h i s  a l so  r e p r e s e n t s  a 
s m a l l  r e l a x a t i o n  in o p e r a t i n g  cond i t ions  f r o m  those  u sed  in the a n a l y t i c a l  
f e a s i b i l i t y  s tudy  (Sect ion 4 .1 ) .  V e l o c i t i e s  of 100-p MgO p a r t i c l e s  shou ld  
s t i l l  be in the v i c i n i t y  of 4 ,000  f t / s e c ,  which  is c o n s i d e r e d  adequa te  fo r  
the proof  t e s t .  

Th e  d e s i g n  M a c h  n u m b e r  for  the a r c - h e a t e r  n o z z l e  w a s  d e t e r m i n e d  
by an i s e n t r o p i c  e x p a n s i o n  f r o m  the a r c - h e a t e r  c o n d i t i o n s  to the d e s i r e d  
5 - a r m  p r e s s u r e  at the  h e l i u m / a i r  i n t e r f a c e .  The  a c c e l e r a t i o n  n o z z l e  
M a c h  n u m b e r  w a s  a l s o  d e t e r m i n e d  by the  S - a r m  m a t c h i n g  c o n d i t i o n  and 
the  h e l i u m  r e s e r v o i r  c o n d i t i o n s ,  u s i n g  the  ob l ique  s h o c k  r e l a t i o n .  The  
M a c h  n u m b e r s ,  p r e s s u r e s ,  t e m p e r a t u r e s ,  and c a l c u l a t e d  p a r t i c l e  v e l o c -  
i t i e s  f o r  100-p  MgO a r e  g i v e n  in T a b l e  5 for  the d e s i g n  v e r s i o n  a b l a t i o n /  
e r o s i o n  n o z z l e .  

Table 5. Design Conditions for First-Generation Ablation/Erosion 
Nozzle, Hot-Flow and Cold-Flow Versions 

HOT 

FLOg 

VERSION 

COLD 

FLOW 

VERSION 

GAS H, 

HELIUM 

Po = 1000 pst 3.819 
T O = 1750OR 

AIR 
Po = 150 atm 

H o = 2200 8t---U-U 
lbm 

HELIUH 
Po = 735 psi 
T O = 500OR 

AIR 
Po = 735 psi 
T O = 5ODOR 

UPSTREAM OF SHOCK 

p, TI Vl 
arm °R ft/sec 

0.818 299 9494 

2.731 5.0 3647 7790 

3.426 0.943 101 4973 

2.157 5.0 259 1702 

Mr 

2.058 

1.923 

1.897 

1.365 

DOWNSTREAM OF SHOCK 

P2 T2 Vz 
arm °R f t /sec 

5.0 755 8139 

16.0 4970 6300 

5.0 227 4115 

14.6 364 1277 

p i 
e~m VplOOu 

ft/sec 

- 4491 

78.5 4491 

2997 

42.8 2997 

4.2.1 Arc-Heater Nozzle Design 

A basic decision was made to use two-dimensional nozzles in order 
to simplify the geometry of the intersection of the two flows. The exit of 
the are-heater nozzle was chosen to be 0.70 in. square. A nozzle ex- 
panding only in one direction was selected, giving a throat cross section 
of 0. 189 by 0.70 in. for the design Math number of 2. 731. The nozzle 
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con tour  was ob ta ined  by a t w o - d i m e n s i o n a l  m e t h o d - o f - c h a r a c t e r i s t i c s  
p r o g r a m .  A b o u n d a r y - l a y e r  c o r r e c t i o n  was c a l c u l a t e d  but was  d e e m e d  
to be too s m a l l  to inc lude  in the  f ina l  contour .  Th is  nozz l e  wi l l  be coo led  
with 5 0 0 - p s i  d e m i n e r a l i z e d  w a t e r  f lowing t h rough  b a c k - s i d e  p a s s a g e s  
(Fig.  27). 

f S-MW Arc-Heater End Flange 

r~'ozzle Section 7 / -  Injection Chamber Section 

/ Vi  AF Sj.. 

~ ; ~ 2 : Z : Z ~  . . . . . . . . .  $'plitter Wedge~ . 

i l  - . . . . . . . . .  

i f ~ ~  ~ ...~ -"~ "--Transition Section 

~ ~ ' ~  " 3 l ' ' ~ ' ~  I i i , ' , I i ' 
~ j  ~ -  Acceleration Nozzle 0 l 2 

Scale, in. 

Figure 27. Cross section of ablation/erosion nozzle, hot-flow version. 

4.2.2 Helium Particle Acceleration Nozzle 

The  gas  h e a t e r ,  s t i l l i ng  c h a m b e r ,  p a r t i c l e  i n j e c t i o n  s y s t e m ,  and 
p a r t i c l e  a c c e l e r a t i o n  nozz l e  d e s c r i b e d  in Sec t ion  3 . 1 . 2 . 1  w e r e  i n c o r p o -  
r a t e d  into the  d e s i g n  of the  f i r s t - g e n e r a t i o n  a b l a t i o n / e r o s i o n  n o z z l e ,  wi th  
the  e x c e p t i o n  that  the  nozz l e  was cut off at the l e n g t h  n e c e s s a r y  to obta in  
the  c o r r e c t  s t a t i c  p r e s s u r e .  Th i s  l eng th  was d e t e r m i n e d  by c a l c u l a t i o n s  
wi th  the o n e - d i m e n s i o n a l  p r o g r a m  d e s c r i b e d  p r e v i o u s l y .  

A r o u n d - t o - s q u a r e  t r a n s i t i o n  s e c t i o n  (0. 364- in .  - d i a m  to 0. 364- in .  - 
squa re )  was  d e s i g n e d  to be l o c a t e d  b e t w e e n  the a c c e l e r a t i o n  n o z z l e  and the 
i n j e c t i o n  a s s e m b l y .  Since th is  nozz l e  wi l l  be o p e r a t e d  wi th  no cool ing ,  
p r o v i s i o n  m u s t  be m a d e  fo r  t h e r m a l  expans ion .  The end of the  a c c e l e r a t i o n  
n o z z l e  is a l lowed  to s l ide  i n s ide  the  t r a n s i t i o n  s ec t i on ,  and whi le  th i s  wi l l  
c r e a t e  s o m e  d i s t r u b a n c e s  in the flow, it is p r e f e r a b l e  to a t t e m p t i n g  to 

cool  the e n t i r e  nozz le .  
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4.2.3 Injection Chamber or Assembly 

The d i m e n s i o n s  of the  i n j ec t i on  c h a m b e r  a r e  d e t e r m i n e d  by the  
ex i t  d i m e n s i o n s  of the a r c - h e a t e r  n o z z l e  (0 .7  in. squa re )  and the  h e l i u m  
a c c e l e r a t i o n  n o z z l e  (0. 412 in. s q u a r e ) .  The  m i x i n g  r e g i o n  b e t w e e n  the  
two g a s e s  was  o r i g i n a l l y  a s s u m e d  to be th in  and was  n e g l e c t e d .  Th i s  
a s s u m p t i o n  is c u r r e n t l y  be ing  r e a s s e s s e d ,  b a s e d  on r e s u l t s  wi th  the  
co ld - f low n o z z l e  t e s t  d e s c r i b e d  in Sec t ion  5 .0 .  To al low fo r  u n c e r t a i n t y  
of the  m i x i n g  l a y e r  t h i c k n e s s  and to p e r m i t  f a b r i c a t i o n  to p r o c e e d ,  the 
i n j e c t i o n  c h a m b e r  was  sp l i t  into two s e c t i o n s  (Fig.  27). Th i s  f e a t u r e  
a l so  has  the advan tage  of p rov id ing  an e a s i l y  r e p l a c e a b l e  p i ece  in the 
r e g i o n  which  is m o s t  l i k e l y  to r e c e i v e  p a r t i c l e  e r o s i o n  damage .  

D e s i g n  of the s p l i t t e r  wedge  to be l o c a t e d  in the d o w n s t r e a m  s e c t i o n  
of the c h a m b e r  has  not been  c o m p l e t e d .  The  h e a t - t r a n s f e r  cond i t ions  
no t ed  in Sec t ion  4. 1.3 s u g g e s t  the  use  of e i t h e r  a w a t e r - c o o l e d  coppe r  
wedge  o r  an u n c o o l e d  wedge  m a d e  of s o m e  h igh  t e m p e r a t u r e  ab l a t i on  
m a t e r i a l .  In e i t h e r  case ,  it wi l l  be i m p o s s i b l e  to p r e s e r v e  a p e r f e c t l y  
s h a r p  t ip  on the s k i m m e r  and an a d j u s t m e n t  in  p o s i t i o n  wi l l  be r e q u i r e d  
to al low fo r  shock  d e t a c h m e n t  at the nose  of the  s k i m m e r .  

5.0 DESIGN AND TESTING OF COLD-FLOW 
ABLATION/EROSION NOZZLE 

It was  d e c i d e d  e a r l y  in the s tudy of the  a b l a t i o n / e r o s i o n  n o z z l e  
concep t  that  it would  l~e d e s i r a b l e  to de s ign ,  c o n s t r u c t ,  and o p e r a t e  a 
co ld - f low v e r s i o n  of th is  nozz le  p r i o r  to f ina l  f a b r i c a t i o n  of the ho t -  
flow v e r s i o n .  Th i s  would p e r m i t  i d e n t i f i c a t i o n  of o p e r a t i o n a l  p r o b l e m s  
in t i m e  to allow d e s i g n  m o d i f i c a t i o n  of the  hot nozz l e ,  s e r v e  as a check  
on the  d e s i g n  ca l cu l a t ion  m e t h o d s ,  and, i nc iden ta l l y ,  d e m o n s t r a t e  ex -  
p e r i m e n t a l l y  that  p a r t i c l e  t r a n s f e r  a c r o s s  the  m i x i n g  l a y e r  was  p o s s i b l e .  

5.1 DESIGN CONSIDERATIONS 

The r e q u i r e m e n t  of 5 - a t m  s t a t i c  p r e s s u r e  at the m i x i n g  l a y e r  be -  
t w e e n  the  two f lows was  r e t a i n e d  in the co ld - f low v e r s i o n .  The  t h r o a t  
fo r  the nozz l e  s i m u l a t i n g  the a r c - h e a t e d  flow was c h o s e n  to have  e s s e n -  
t i a l ly  the  s a m e  a r e a  as the s t a n d a r d  0. 375- in .  - d i a m  n o z z l e s  u s e d  in 
m o s t  AEDC a r c  h e a t e r s ,  wi th  r e s e r v o i r  cond i t ions  of 735 ps i  and 500°R 
to g ive  an a i r  m a s s  flow of 2 l b / s e c .  The  d e s i g n  Mach n u m b e r  of 2. 157 
fo r  th i s  n o z z l e  was  d e t e r m i n e d  by the r a t i o  of s t a t i c  to r e s e r v o i r  p r e s s u r e ,  
and th i s  Mach d e t e r m i n e d  the  obl ique  shock  angle  on the s p l i t t e r  wedge  fo r  
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the  2 0 - d e g  d e f l e c t i o n  ang le .  The  p a r t i c l e  a c c e l e r a t i o n  n o z z l e  and p a r t i c l e  
i n j e c t i o n  s y s t e m  w e r e  c o n s i d e r e d  i d e n t i c a l  to the  hot n o z z l e  v e r s i o n .  The  
d e s i g n  c ond i t i ons  f o r  the  co ld - f low v e r s i o n  of the  a b l a t i o n / e r o s i o n  n o z z l e  
a r e  g i v e n  in T a b l e  5. 

5.2 EXPERIMENTAL APPARATUS 

The  c o m p o n e n t s  of the co ld - f low n o z z l e  a r e  the co ld - f low a i r  n o z z l e ,  
the  h e l i u m  a c c e l e r a t i o n  n o z z l e ,  and the  p a r t i c l e  i n j e c t i o n  s e c t i o n  o r  c h a m -  
b e r  (Fig .  28). A l so  u s e d  in co ld - f l ow  t e s t i n g  a r e  a l a s e r  s h a d o w g r a p h  
s y s t e m  and the u s u a l  i n s t r u m e n t a t i o n  s y s t e m s .  A p h o t o g r a p h  of the  a s s e m -  
b l ed  s y s t e m  is  s h o w n  in F ig .  29. 

5.2.1 Cold-Flow Air Nozzle 

The  exi t  of the co ld - f low a i r  n o z z l e  was  0 . 5 - i n .  s q u a r e ,  and the  
t h r o a t  d i m e n s i o n s  w e r e  0. 235 in. wide  and 0 .50  in. high.  The  c o n t o u r  
of th i s  n o z z l e  was  ob ta ined  by a t w o - d i m e n s i o n a l  m e t h o d - o f - c h a r a c t e r i s t i c s  
p r o g r a m  wi th  a b o u n d a r y - l a y e r  c o r r e c t i o n  added.  Th i s  n o z z l e  was  f a b r i -  
c a t ed  f r o m  2024-T4 a l u m i n u m ,  s e l e c t e d  fo r  e a s e  of f a b r i c a t i o n .  It was  
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Figure 28. Cross section of ablation/erosion nozzle, cold flow version. 
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Figure 29. Photograph of cold-flow ablation/erosion nozzle apparatus. 

s u p p l i e d  by a h i g h - p r e s s u r e  a i r  l i ne  o r  by a g a s e o u s - n i t r o g e n  supp ly  l ine .  
E i t h e r  s y s t e m  was  capab le  of p a s s i n g  the 2 - 1 b / s e c  m a s s  f low r e q u i r e d  and 
the  s t a g n a t i o n  p r e s s u r e s  w e r e  c o n t r o l l a b l e  f r o m  a t m o s p h e r i c  to o v e r  750 
psi .  The  d e s i g n  Mach  n u m b e r  of 2. 157 is low enough  tha t  l i q u e f a c t i o n  was  
not  a c o n c e r n ;  h o w e v e r ,  c o n d e n s a t i o n  of w a t e r  v a p o r  in the a i r  supp ly  was  
found to be a p r o b l e m .  

5.2.2 Acceleration Nozzle and Transition 

It was  n e c e s s a r y  to s h o r t e n  the a c c e l e r a t i o n  n o z z l e  to p r o v i d e  the  
c o r r e c t  s t a t i c  p r e s s u r e  (0 .94  a tm)  at the  c o r r e c t  exi t  Mach  n u m b e r  of 
3 . 4 3 .  As in the  ho t - f low v e r s i o n ,  a r o u n d - t o - s q u a r e  t r a n s i t i o n  s e c t i o n  
f a b r i c a t e d  f r o m  6061-T6 a l u m i n u m  was  p r o v i d e d  b e t w e e n  the end of the  
a c c e l e r a t i o n  n o z z l e  and the m i x i n g  c h a m b e r  o r  p a r t i c l e  i n j e c t i o n  s e c t i o n .  
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H e l i u m  supply  fo r  th is  nozz l e  was  p r o v i d e d  by a 2 , 2 0 0 - p s i  h e l i u m  t r a i l e r .  
Some  t e s t i n g  was a l so  done with both the a i r  and n i t r o g e n  supply r e f e r r e d  

to above.  

5.2.3 Particle Injection Chamber 

The size of the s e c t i o n  in which  the p a r t i c l e s  w e r e  i n j e c t e d  into the  
a i r f low was  d e t e r m i n e d  by the ex i t  d i m e n s i o n s  of the  cold a i r  n o z z l e  and 
the  h e l i u m  a c c e l e r a t i o n  n o z z l e  (0.50 and 0. 388 in. s q u a r e ,  r e s p e c t i v e l y }  
and by the  r e q u i r e m e n t  fo r  a 20 -deg  i m p i n g e m e n t  angle  b e t w e e n  the  two 
f lows.  Obl ique shock  ca l cu l a t i ons  y i e ld  a cold a i r f low exi t  he igh t  of 0 .321  
in. The m i s m a t c h  b e t w e e n  th i s  d i m e n s i o n  and the ex i t  d i m e n s i o n  of the  
a c c e l e r a t i o n  n o z z l e  wi l l  r e q u i r e  that  s o m e  p a r t i c l e s  wi l l  i m p i n g e  on the  
u p p e r  wal l  of the  i n j ec t i on  c h a m b e r .  A c c o r d i n g l y ,  a r e m o v a b l e  i n s e r t  
was  f a b r i c a t e d  wh ich  a l lows  for  e a s y  r e p l a c e m e n t  of th i s  a r e a  (Fig.  28). 

S ta t ic  p r e s s u r e  o r i f i c e s  w e r e  p r o v i d e d  in the i n j e c t i o n  c h a m b e r  
to al low m e a s u r e m e n t  of p r e s s u r e  u p s t r e a m  and d o w n s t r e a m  of the 
h e l i u m  and a i r  shock  waves .  In addi t ion ,  the s i d e w a l l s  of the i n j e c t i o n  
c h a m b e r  w e r e  f a b r i c a t e d  of r e m o v a b l e  s e c t i o n s  of s c h l i e r e n - q u a l i t y  
g l a s s  to al low s h a d o w g r a p h  s t u d i e s  of the flow f ie ld .  

The  s t a i n l e s s  s t e e l  s p l i t t e r - w e d g e  was a l so  l o c a t e d  in the i n j e c t i o n  
c h a m b e r .  P r o v i s i o n  was m a d e  for  v a r y i n g  the angle  of a t tack  and axial  
pos i t ion  of the wedge  to p e r m i t  s tudy of the e f fec t  of wedge  o r i e n t a t i o n  
on the  i n j e c t i o n  c h a m b e r  flow f ie ld .  The wedge  pos i t i on  could not be 
v a r i e d  du r ing  a run; h o w e v e r ,  r a p i d  changes  a r e  p o s s i b l e  b e t w e e n  runs .  

5.2.4 Laser Shadowgraph System 

Most  of the e q u i p m e n t  u sed  in the  a t t emp t  to obta in  p a r t i c l e  f i e ld  
h o l o g r a m s  was r e a d i l y  adap ted  to a s h a d o w g r a p h  s y s t e m .  F o r  r a p i d  
v i ewing  of t e s t  r e s u l t s ,  a S p e c t r a - P h y s i c s  Model  135-5 5 - m w  h e l i u m -  
neon  l a s e r  was used  wi th  h i g h - s p e e d  P o l a r o i d  @ black  and whi te  f i lm.  
If t h e s e  s h a d o w g r a m s  w e r e  c o n s i d e r e d  use fu l ,  an Apol lo  ruby  l a s e r  
was  u s e d  to obta in  a h i g h e r - q u a l i t y  p e r m a n e n t  r e c o r d  in wh ich  c o n s i d -  
e r a b l y  m o r e  flow de t a i l s  a r e  v i s ib l e .  

5.3 EXPERIMENTAL RESULTS 

A limited number of shakedown runs was made with the windows 
and skimmer wedge removed from the injection chamber assembly. 
Both helium and air were used in the particle acceleration nozzle for 
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t h e s e  r u n s .  The  in i t i a l  r u n s  w e r e  m a d e  wi th  h e l i u m  and r e s u l t e d  in a 
s l i gh t  e r o s i o n  on the  r e m o v a b l e  i n s e r t  on the  top wa l l  of the p a r t i c l e  
i n j e c t i o n  c h a m b e r ,  a p p a r e n t l y  the r e s u l t  of r e s i d u a l  dus t  l e f t  in the 
s t i l l i n g  c h a m b e r  a f t e r  p r e v i o u s  r u n s  of the  p a r t i c l e  a c c e l e r a t i o n  nozz l e .  
When  the p a r t i c l e  a c c e l e r a t i o n  n o z z l e  was  o p e r a t e d  wi th  a i r ,  h o w e v e r ,  
the e r o s i o n  on the i n s e r t  was  m u c h  g r e a t e r ,  and it was  c o n c l u d e d  tha t  
th i s  was  the  r e s u l t  of i ce  p a r t i c l e s  f o r m e d  in the  e x p a n s i o n  of m o i s t  a i r .  
The  e r o d e d  a r e a  m a t c h e d  a l m o s t  e x a c t l y  the he igh t  of the  p a r t i c l e  a c c e l -  
e r a t i o n  n o z z l e ,  thus  g iv ing  i n a d v e r t e n t  p roof  of p a r t i c l e  t r a n s f e r  a c r o s s  
the  m i x i n g  l a y e r  in e s s e n t i a l l y  l i n e a r  t r a j e c t o r i e s .  In s u b s e q u e n t  o p e r -  
a t ions ,  the  u s e  of m o i s t  a i r  in the  l i g h t - g a s  a c c e l e r a t i o n  n o z z l e  was  
avo ided .  

F o r  the  next  s e r i e s  of t e s t s ,  the  f low was  p r o p e r l y  conf ined  to the  
i n j e c t i o n  c h a m b e r  by i n s t a l l a t i o n  of the  w i n d o w s ,  and r u n s  w e r e  m a d e  
wi thou t  the  s k i m m e r  w e d g e  to i n v e s t i g a t e  the  n a t u r e  of the m i x i n g  l a y e r  
when  u n d i s t u r b e d  by the  p r e s e n c e  of the  wedge .  A s h a d o w g r a m  of a 
t y p i c a l  t e s t  cond i t i on  is  g i v e n  in F ig .  30. The  m i x i n g  r e g i o n  is c l e a r l y  
s e e n  and is o b s e r v e d  to p r o p a g a t e  into  the  a i r f l o w  r e g i o n  at  a c o n s t a n t  
r a t e .  L i t t l e  p e n e t r a t i o n  into the h e l i u m  flow f r o m  the  a c c e l e r a t i o n  n o z z l e  
is no ted .  Some  e v i d e n c e  of s e p a r a t i o n  is o b s e r v e d  in the  a i r f l ow  u p s t r e a m  
of the j u n c t i o n  wi th  the  h e l i u m  flow and a w e a k  ob l ique  s h o c k  r e s u l t s .  The  

Figure 30. Shadowgraph of flow in cold-flow nozzle, no skimmers. 
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m i x i n g  r e g i o n  has  a c o n s i d e r a b l e  t h i c k n e s s  e v e n  at the  f a r  u p s t r e a m  end  
of the  r e g i o n .  It was  a l so  o b s e r v e d  du r ing  t h e s e  t e s t s  that  the p r e s s u r e  
m e a s u r e d  at the u p s t r e a m  p r e s s u r e  tap  in the  a c c e l e r a t i o n  n o z z l e  did 
not  m a t c h  the  ca l cu l a t ed  va lue  and, in fact ,  c l o s e l y  m a t c h e d  the  value  
c a l c u l a t e d  fo r  the r e g i o n  d o w n s t r e a m  of the  shock .  Th i s  i n d i c a t e d  that  
the  obl ique  shock  in the  h e l i u m  flow was  d i s p l a c e d  u p s t r e a m  of i ts  c a l -  
cu la t ed  pos i t ion .  

The  s k i m m e r  wedge  was  next  i n s t a l l e d  at i ts  i n t ended  l oca t i on ,  and 
the  co ld - f low a b l a t i o n / e r o s i o n  n o z z l e  was  o p e r a t e d  with n i t r o g e n  and h e l i u m  
at n e a r  d e s i g n  condi t ions .  A s h a d o w g r a m  of the flow with the wedge  in th i s  
pos i t i on  is g iven  in Fig.  3 1. A p r o m i n e n t  m i x i n g  l a y e r  is  no ted ,  wi th  a 

Figure 31. Shadowgraphs of flow in cold-flow nozzle, with wedge 
skimmer, normal wedge position, and adjusted wedge position. 
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r e l a t i v e l y  s t r o n g  obl ique  shock  o r i g i n a t i n g  at the beg inn ing  of the  m i x i n g  
l a y e r .  The  m i x i n g  l a y e r  is d e f l e c t e d  into the m a i n  a i r f low s t r e a m ,  which  
a p p a r e n t l y  n a r r o w s  the flow channe l  and c a u s e s  s u b s o n i c  flow in th i s  r e g i o n .  
It was  a s s u m e d  that  p r o p e r  a d j u s t m e n t  of the  o p e r a t i n g  p r e s s u r e s  of the  
two n o z z l e s  would r e s t o r e  the  i n t ended  flow conf igu ra t ion .  

THe a i r f low nozz l e  s t a g n a t i o n  p r e s s u r e  was  he ld  n e a r  the  d e s i g n  
condi t ion ,  and the  h e l i u m  n o z z l e  s t agna t i on  p r e s s u r e  was  l o w e r e d  to 400 
psi .  Al though the  u p s t r e a m  s t a t i c  p r e s s u r e  in the  a i r f low did not  i n d i c a t e  
that  s u p e r s o n i c  flow had b e e n  e s t a b l i s h e d ,  e x a m i n a t i o n  of s h a d o w g r a m s  
r e v e a l e d  a t h i n n e r  mix ing  l a y e r  and a m o r e  r e g u l a r  shock  s t r u c t u r e .  The  
m i x i n g  l a y e r ,  h o w e v e r ,  was  s t i l l  d e f l e c t e d  above the  wedge .  A n a l y s i s  of 
both the p r e s s u r e  m e a s u r e m e n t s  and the s h a d o w g r a m s  s u g g e s t e d  that  the  
wedge  was  ac t ing  l i ke  a t w o - d i m e n s i o n a l  b lockage  in a s u p e r s o n i c  wind 
tunnel .  It was  d e c i d e d  to m o v e  the wedge  d o w n s t r e a m  and t i l t  it  u p w a r d  
unt i l  the a r e a  r e q u i r e d  to al low s u p e r s o n i c  flow above the  wedge  was  
a c h i e v e d .  In addi t ion ,  s o m e  m a t e r i a l  was  r e m o v e d  f r o m  the l o w e r  s u r f a c e  
of the  wedge  in  an e f fo r t  to i m p r o v e  the  flow in the  h e l i u m  l eg  d o w n s t r e a m  
of the  wedge  tip. A s h a d o w g r a m  of the  flow m a d e  a f t e r  t h e s e  c h a n g e s  shows  
c o n s i d e r a b l e  i m p r o v e m e n t  in the flow f i e ld  (Fig.  31). The  m i x i n g  r e g i o n  
is once  aga in  the t h i c k n e s s  a t t a ined  du r ing  the t e s t s  wi thout  the  wedge ,  and 
it now i n t e r s e c t s  the  wedge  at the  p r o p e r  loca t ion .  The  shock  s t r u c t u r e  in 
the  a i r f low r e g i o n  of the  i n j e c t i o n  c h a m b e r  is c lo se  to de s ign ,  a l though  it 
is l o c a t e d  too f a r  d o w n s t r e a m  to i n t e r s e c t  the c o r n e r  of the  i n s e r t  on the  
u p p e r  s u r f a c e .  The Mach n u m b e r  ca l cu l a t ed  f r o m  the  2 0 - d e g  d e f l e c t i o n  
angle  and the  shock  angle  on the  wedge  is  2. 048, c o m p a r e d  wi th  the d e s i g n  
va lue  of 2. 157. Th i s  r e d u c t i o n  in Mach n u m b e r  was  p r e s u m e d  to be the  
r e s u l t  of b lockage  by the  m i x i n g  l a y e r .  An e f fo r t  was  m a d e  to c a l c u l a t e  
th i s  b lockage  ef fec t  wi th  an e x i s t i n g  m i x i n g  l a y e r  p r o g r a m ,  and a Mach  
n u m b e r  of 2 .05  was the  r e s u l t ,  v e r y  c lose  to the  m e a s u r e d  va lue .  (Note 
that  th is  r e d u c t i o n  in Mach n u m b e r  is not the r e s u l t  of b o u n d a r y - l a y e r  
d i s p l a c e m e n t  in the  a i r  nozz l e ,  s i n c e  a b o u n d a r y - l a y e r  c o r r e c t i o n  was  
added  to the i n v i s c i d  nozz l e  con tour .  ) 

The  s t a t i c  p r e s s u r e s  m e a s u r e d  at the " u p s t r e a m "  o r i f i c e  in the 
h e l i u m  flow con t inued  to ind ica t e  that  the shock  wave  was u p s t r e a m  of 
th i s  loca t ion .  If it is a s s u m e d  that  the  shock  pos i t i on  is ju s t  u p s t r e a m  
of th is  o r i f i c e ,  it i s  p o s s i b l e  to ca l cu l a t e  new v a l u e s  of Mach n u m b e r  
and s t a t i c  p r e s s u r e  in the h e l i u m  flow f r o m  the obl ique  shock  equa t ions .  
T h e s e  v a l u e s  ma tch ,  wi th in  a few p e r c e n t ,  v a l u e s  ob ta ined  du r ing  o p e r -  
a t ion of the l i g h t - g a s  a c c e l e r a t i o n  nozz l e  a lone .  Th i s  i n d i c a t e s  that  the  
t r a n s i t i o n  s e c t i o n  is func t ion ing  p r o p e r l y  and that  the  ob l ique  shock  is at 
an angle  g r e a t e r  than  d e s i g n  fo r  s o m e  r e a s o n .  
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To benef i t  f r o m  the e x p e r i e n c e  ~a ined  in o u e r a t i o n  of the  c o l d - w a l l  
v e r s i o n  of the a b l a t i o n / e r o s i o n  nozz l e ,  the d e s i g n  of the  ho t - f low v e r s i o n  
wi l l  be s l i gh t ly  m o d i f i e d  to al low fo r  the g r e a t e r  than  e x p e c t e d  b l o c k a g e  
of the m i x i n g  l a y e r .  The  ho t - f low v e r s i o n ,  f r o m  the  beg inn ing ,  has  had 
the  r e q u i r e m e n t  that  the  d i m e n s i o n s  of the f inal  a b l a t i o n / e r o s i o n  j e t  be 
equa l  to the exi t  of the l i g h t - g a s  a c c e l e r a t i o n  nozz l e ,  to m i n i m i z e  
p a r t i c l e  e r o s i o n  wi th in  the nozz le .  

6.0 CONCLUSIONS 

R e s u l t s  of a t e s t  to ana lyze ,  des ign ,  and t e s t  the c o m p o n e n t s  of a 
c o m b i n e d  a b l a t i o n / e r o s i o n  n o z z l e  m a y  be s u m m a r i z e d  as fo l lows :  

1. An ana ly t i ca l  s tudy was m a d e  to d e t e r m i n e  the p o s s i b i l i t y  
of a t t a in ing  a c o m b i n e d  ab la t ion  and e r o s i o n  t e s t  e n v i r o n -  
m e n t  in a f ac i l i ty  which  has  o p e r a t i n g  t i m e s  m e a s u r e d  in 
s e c o n d s .  

2. C o m p u t e r  p r o g r a m s  w e r e  d e v e l o p e d  a n d / o r  e x t e n d e d  fo r  
a n a l y s i s  of o n e - d i m e n s i o n a l  p a r t i c l e / g a s  f lows  wi th  ~hick 
bounda ry  l a y e r s  and fo r  a n a l y s i s  of t w o - d i m e n s i o n a l  p a r t i c l e  
t r a j e c t o r i e s  in v a r i o u s  gas  flow f i e lds .  An e m p i r i c a l  p a r t i c l e  
d r a g  coe f f i c i en t  r e l a t i o n  was d e v e l o p e d  based  on m o s t  r e c e n t  
t e s t  data.  

3. It was d e t e r m i n e d  that  d i r e c t  d r a g - a c c e l e r a t i o n  of 1 0 0 - # - d i a m  
p a r t i c l e s  in typ ica l  low Mach n u m b e r  n o z z l e s  used  in a r c -  
h e a t e d  ab la t ion  f a c i l i t i e s  was r e l a t i v e l y  ine f f ec t ive .  Such 
p a r t i c l e s  can be a c c e l e r a t e d  to h y p e r v e l o c i t i e s  in a long,  
s lowly  d i v e r g i n g  nozz l e  in wh ich  l e n g t h  of e x p o s u r e  to h igh 
d r a g  f o r c e  is m a x i m i z e d .  

4. By adopt ing the concep t  of a c c e l e r a t i o n  of p a r t i c l e s  in a 
s e p a r a t e  l i g h t - g a s  a c c e l e r a t i o n  nozz l e ,  fo l lowed  by i n j e c -  
t ion into an ab la t ion  j e t  by i n e r t i a l  t r a n s f e r  a c r o s s  a m i x i n g  
l a y e r  b e t w e e n  the two j e t s ,  d e t a i l e d  a n a l y s i s  i n d i c a t e s  an 
e r o s i o n  capabi l i ty  can be added to a s t a t e - o f - t h e - a r t  ab la t ion  
jet. 

5. A de t a i l  d e s i g n  was c o m p l e t e d  fo r  a f ac i l i ty  b a s e d  on th i s  
concep t ,  and a co ld - f low v e r s i o n  was bui l t  and o p e r a t e d  to 
obta in  o p e r a t i n g  e x p e r i e n c e  with the  new conf igura t ion .  
P a r t i c l e  v e l o c i t i e s  which  w e r e  m e a s u r e d  in the  a c c e l e r a t i o n  
n o z z l e  a g r e e d  wel l  with the p r e d i c t i o n s  of the o n e - d i m e n s i o n a l  

50 



AEDC-TR-75-1  54 

p rog ram.  Aerodynamic  ca l ib ra t ion  of the combined flow indi-  
cated that  the d i sp lacement  th ickness  of the mixing l a y e r  was 
subs tan t ia l  and should be al lowed for  in f inal  design.  
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Ap 

a o, a 1, a2, 
bo, b 1, b2, 
Co, e l ,  c 2, 
d o, d l ,  d2 

CD 

Cf 

Ch 

Cp 

C1, C2, C3 
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H o 
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mp 

Nu 

p6 

P r  
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Qp 

Re 

NOMENCLATUR E 

Flow a r e a  

C r o s s - s e c t i o n a l  a r e a  of pa r t i c l e  

Coeff ic ients  in drag coeff ic ient  
co r r e l a t i on ,  Eq. (2) and Table  2 

P a r t i c l e  drag coeff ic ient  

Skin f r i c t i on  coeff ic ient  

Stant on number  

Specif ic  heat  

Constants  in Eq. (5) for  skin  f r i c t i on  

D i a m e t e r  

Tota l  enthalpy based on ene rgy  balance 

Stat ic  enthalpy 

Mach number  of flow or  r e l a t i ve  flow 

Mass of pa r t i c l e  

Nussel t  number  

Impact  p r e s s u r e  

P rand t l  number  

Stat ic  p r e s s u r e  of gas  

Heat flow to pa r t i c l e  

Reynolds number  
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P a r t i c l e  su r face  a r ea  

T e m p e r a t u r e  

Veloci ty  

Volume of pa r t i c l e  

S t r eamwise  coord ina te  

Angle of a t tack or  angle of P r a n d t l - M e y e r  
expansion ray  

Specif ic  heat  r a t i o  

Tota l  th ickness  of boundary l a y e r  

Disp lacement  th ickness  of boundary l a y e r  

Momentum th ickness  of boundary l a y e r  or  
angle of ve loc i ty  vec to r  

Viscos i ty  

Densi ty  

B a r r e d  quanti ty is an average  value a c r o s s  
the flow 

Unbar red  quanti ty is value  in the i s e n t r o p i c  
core  of the flow 

Vector  quanti ty 

Calcula ted value 

Incompres s ib l e  value 

Measured  value 

R e s e r v o i r  condit ion 
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