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T h i s  surnrnary r e p o r t  was prepared  by t h e  P r a t t  & Whitney A i r c r a f t  

D i v i s i o n  of United A i r c r a f t  C o r p o r a t i o n  under  C o n t r a c t  NAS3-7907. 

The c o n t r a c t  was a d m i n i s t e r e d  by t h e  Air -Brea th ing  Engine Procure-  

ment S e c t i o n  of t h e  N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n ,  

Cleveland , Ohio. 

The  r e p o r t  summarizes t e c h n i c a l  e f f o r t  t h a t  was  conducted d u r i n g  t h e  

p e r i o d  of 29 June 1965 through 30  June 1967 .  
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ABS TRACT 

The o b j e c t i v e  of t h e  e f f o r t  d e s c r i b e d  i n  t h i s  r e p o r t  was t o  i n v e s t i g a t e  

t h e  performance and s t r u c t u r a l  d u r a b i l i t y  of a f u l l - s c a l e  t u r b o f a n  d u c t  

burner  u s i n g  ASTM A - 1  type  f u e l  and o p e r a t i n g  a t  c o n d i t i o n s  t y p i c a l  o f  

advanced s u p e r s o n i c  a i r c r a f t .  

A f u l l - s c a l e  d u c t  burner  of  t h e  ram-induct ion type having a n  o u t e r  

c a s i n g  d iameter  o f  67.7 i n c h e s  and a n  i n n e r  c a s i n g  d iameter  o f  47 i n c h e s  

was t e s t e d .  The b u r n e r  i n l e t  and o u t l e t  f low passages  had t h e  s i z e  and 

shape of a P r a t t  dL Whitney A i r c r a f t  advanced t u r b o f a n  engine  d e s i g n  r a t e d  

f o r  600 l b l s e c  a t  sea l e v e l  s t a t i c  c o n d i t i o n s .  

Good s t r u c t u r a l  d u r a b i l i t y  of t h e  f i n a l  ram-induct ion burner  d e s i g n  

was demons t r a t e d .  

Performance d a t a  were o b t a i n e d  f o r  a range of o p e r a t i n g  c o n d i t i o n s  

i n c l u d i n g  cl imb and s imula ted  Mach 2.7 a t  a n  a l t i t u d e  of 70,000 f t .  The 

f i n a l  c o n f i g u r a t i o n  t e s t e d  had a n  i s o t h e r m a l  t o t a l  p r e s s u r e  l o s s  of  5% 

and achieved  combustion e f f i c i e n c i e s  g r e a t e r  t h a n  90% o v e r  t h e  range  

of c o n d i t i o n s  t e s t e d .  

The occurrence  of combustion i n s t a b i l i t y  a t  some t e s t  p o i n t s  prevented  

cover ing  t h e  e n t i r e  o p e r a t i n g  range  w i t h  a s i n g l e  c o n f i g u r a t i o n  and f u e l  

f low mode. 
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SECTION I 
INTRODUCTION AND SUMMARY 

A. INTRODUCTION 

This  summary r e p o r t  f o r  t h e  F u l l - s c a l e  Turbofan D u c t  Burner  T e s t  Pro-  

gram, C o n t r a c t  NAS3-7907, covers  t h e  e n t i r e  program from 29 June 1965 

through 30 June 1967. The purpose of  t h i s  program was t o  d e s i g n ,  f a b r i c a t e ,  

and t e s t  a f u l l - s c a l e  a n n u l a r  d u c t  burner  s i z e d  f o r  a n  advanced P r a t t  & 

Whitney A i r c r a f t  tu rbofan  engine  w i t h  a n  a i r f l o w  of  600 l b l s e c  a t  sea level  

s t a t i c  c o n d i t i o n s .  The t e s t  phase of t h e  program was conducted i n  t h e  

NASA L e w i s  Research C e n t e r ,  Engine Research B u i l d i n g ,  T e s t  C e l l  SW-24. 

The o v e r a l l  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  o b t a i n  a b e t t e r  

unders tanding  o f  t h e  m e r i t s  and problems a s s o c i a t e d  wi th  l a r g e  a n n u l a r  com- 

b u s t o r s  f o r  duc t  burning a p p l i c a t i o n s .  This  type  of combustor has  n o t  

been s u b j e c t e d  t o  t h e  exhaus t ive  developmental  e f f o r t  expended on primary 

combustor and a f t e r b u r n e r .  

A d u c t  burner  may be l ikened  i n  some ways t o  a ramje t  combustor i n  

t h a t  both o p e r a t e  over  a s i m i l a r  range of  f u e l - a i r  r a t i o s  and i n l e t  

a i r f l o w  parameters .  However, f o r  a commercial engine  a p p l i c a t i o n ,  t h e  

d u c t  burner  must possess  v e r y  high performance and long l i f e .  For t h i s  

p r o j e c t ,  t h e  d u c t  burner  w a s  designed t o  a t t a i n  95% combustion e f f i c i e n c y ,  

a maximum iso thermal  t o t a l  p r e s s u r e  loss  of  5% a t  a d u c t  r e f e r e n c e  Mach 

number o f  0.150, and a minimum l i f e  o f  600 h r .  The program w a s  t o  

inc lude  l i m i t e d  development t e s t i n g  followed by c y c l i c  endurance t e s t i n g .  

The d u c t  burner  w a s  designed f o r  t e s t i n g  w i t h  commercial f u e l  o f  t h e  

ASTM A - 1  t ype .  

A ram-induction type  of d u c t  burner  was s e l e c t e d  because previous 

segment r i g  tes ts  had demonstrated t h a t  t h i s  t y p e  of  burner  had a 

p o t e n t i a l  t o  produce t h e  r e q u i r e d  performance over  a wide o p e r a t i n g  range.  

S e v e r a l  problem areas r e s u l t e d  i n  changing t h e  o r i g i n a l  o b j e c t i v e s  

and t e s t  c o n d i t i o n s .  The occurrence of  combustion i n s t a b i l i t y  caused t h e  

o b j e c t i v e  t o  be changed t o  a development program involv ing  both  t h e  d u c t  

burner  and t h e  f a c i l i t y .  F a c i l i t y  problems p laced  l i m i t a t i o n s  upon t h e  

t e s t  o p e r a t i n g  c o n d i t i o n s .  

I- 1 
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Development t e s t i n g  w a s  s u b s e q u e n t l y  conducted a t  t h e  f o l l o w i n g  

tes t  c o n d i t i o n s :  

Condi t ion  A C o n d i t i o n  B Condi t ion  C 
"Transonic  'I Transonic  "Cruise" 

61 imb" C 1 imb 

I n l e t  T o t a l  10 15 30 
P r e s s u r e ,  p s i a  

I n l e t  T o t a l  2 00 285 550 
Temperature,  "F 

Duct Reference 0.139 0.144 0.175 
Mach Number 

F u e l / A i r  R a t i o  0.05 0.05 0.016-0.05 

T e s t  Condi t ion  A s imula ted  a n  abnormal f l i g h t  c o n d i t i o n  a t  which t h e  

lowes t  a n t i c i p a t e d  d u c t  b u r n e r  p r e s s u r e  l eve l  i s  encountered .  T e s t  Condi- 

t i o n  B s imula ted  a normal t r a n s o n i c  c l imb f l i g h t  c o n d i t i o n ,  and Condi- 

t i o n  C s i m u l a t e d  a c r u i s e  (near  0 .02 f u e l l a i r  r a t i o )  o r  c r u i s e - a p p r o a c h  

f l i g h t  c o n d i t i o n  ( n e a r  0.05 f u e l l a i r  r a t i o ) .  

D e t a i l e d  d i s c u s s i o n s  of  t h e  program can be found i n  t h e  fo l lowing  

s e c t i o n s  : 

S e c t i o n  I1 - 
S e c t i o n  111 - 
S e c t i o n  I V  - 

S e c t i o n  V - 
S e c t i o n  V I  - 
S e c t i o n  V I 1  - 

S e c t i o n  V I 1 1  - 

General  d e s c r i p t i o n  of a p p a r a t u s  

Design procedure of t h e  ram-induct ion  burner  

Heat t r a n s f e r  and a c o u s t i c a l  d e s i g n  of t h e  
c o o l i n g  1 i n e r s  

Performance c a l c u l a t i o n  procedure  

T e s t  m o d i f i c a t i o n s  

Performance r e s u l t s  , i n c l u d i n g  m o d i f i c a t i o n s  
made t o  improve hardware d u r a b i l i t y  

Combustion i n s t a b i l i t y ,  i n c l u d i n g  m o d i f i c a t i o n s  
made t o  t h e  f a c i l i t y  as w e l l  a s  t h e  t e s t  hard-  
ware t o  combat combustion i n s t a b i l i t y  and i n l e t  
plenum n o i s e  

B. SUMMARY 

A f u l l - s c a l e  d u c t  b u r n e r  of t h e  ram-induct ion type  was d e s i g n e d ,  

b u i l t ,  and s u b j e c t e d  t o  development t e s t i n g  a t  s i m u l a t e d  f l i g h t  condi -  

t i o n s  o f  a s u p e r s o n i c  t r a n s p o r t  a i r c r a f t .  The d i f f u s e r  e x h i b i t e d  

e x c e l l e n t  p r e s s u r e  r e c o v e r y .  . A ram-induct ion  d u c t  burner  c o n f i g u r a t i o n  

was developed t h a t  m e t  t h e  maximum i s o t h e r m a l  t o t a l  p r e s s u r e  l o s s  o f  5% 

and achieved  combustion e f f i c i e n c i e s  g r e a t e r  t h a n  90"/, a t  tes t  c o n d i t i o n s  

1 - 2  
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s i m u l a t i n g  t r a n s o n i c  c l imb,  c ru ise-approach ,  and c r u i s e  f l i g h t  c o n d i t i o n s  

a s  shown i n  f i g u r e  1-1. Combustion i n s t a b i l i t y ,  however, l i m i t e d  t h e  

d u c t  b u r n e r  t o  r a t h e r  narrow and r e s t r i c t e d  o p e r a t i n g  ranges as t h e  

f u e l / a i r  r a t i o  w a s  v a r i e d .  A l so ,  t h e  r i g  was s u b j e c t e d  t o  n o i s e  from 

t h e  f a c i l i t y  a i r  s u p p l y .  Twelve changes were i n c o r p o r a t e d  i n t o  t h e  

f a c i l i t y  and t h e  r i g ,  whereas t h e  d u c t  burner  w a s  modi f ied  10 t i m e s  i n  

a n  a t t e m p t  t o  r e d u c e  f a c i l i t y  n o i s e  and e l i m i n a t e  combustion i n s t a b i l i t y .  

Although some m o d i f i c a t i o n s  gave improvements , no change w a s  comple te ly  

e f f e c t i v e .  Only one d u c t  burner  m o d i f i c a t i o n  was employed s p e c i f i c a l l y  

t o  improve combustion e f f i c i e n c y .  The e l i m i n a t i o n  of  combustion i n s t a -  

b i l i t y  became t h e  major  e f f o r t  o f  t h e  t e s t  program. 

% 

F i g u r e  1-1. Combustion E f f i c i e n c y  Achieved DF 58513 
With Ram-Induction Duct Burner 

The f i r s t  t es t  burner  f a i l e d  due t o  (1) s e v e r e  o p e r a t i n g  c o n d i t i o n s  

d u r i n g  nonburning c a l i b r a t i o n s ,  (2)  o v e r h e a t i n g  d u n  ng combustion tes t s  

because of  i n s u f f i c i e n t  f i r e w a l l  c o o l i n g ,  and ( 3 )  extreme p r e s s u r e  

o s c i l l a t i o n s  when combustion i n s t a b i l i t y  o c c u r r e d .  Half  t h e  burner  w a s  

r e p l a c e d  w i t h  new p a r t s  and m o d i f i c a t i o n s  were made t o  improve f i r e w a l l  

c o o l i n g .  The e n t i r e  burner  s u b s e q u e n t l y  endured t h e  remainder  of t h e  

program w h i l e  remaining i n  e x c e l l e n t  s t r u c t u r a l  c o n d i t i o n .  During t h e  

program , 97 . 2  hours  of  combust ion  t e s t i n g  were accumulated . 
1-3 
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T h i s  g e n e r a l  d e s c r i p t i o n  of a p p a r a t u s  i n c l u d e s  a c u r s o r y  d e s c r i p t i o n  

of t e s t  hardware.  

Design d e t a i l s  o f  major  components a r e  c o n t a i n e d  i n  S e c t i o n s  TI1 

and I V .  Numerous minor hardware a l t e r a t i o n s  made d u r i n g  t h e  c o u r s e  o f  

t h e  t es t  program a re  d e s c r i b e d  i n  t h e  r e s u l t s  (Sec t ions  V I 1  and V I I I ) .  

A. TEST R I G  

Design of t h e  r i g  hardware w a s  i n i t i a t e d  on 29 J u n e  1965. F i g u r e  11-1 

shows t h e  r i g  i n s t a l l e d  i n  T e s t  C e l l  SW-24 a t  t h e  Lewis Research Cen te r .  

Photographs o f  t h e  r i g  i n s t a l l a t i o n  i n  t h e  t e s t  f a c i l i t y  are shown i n  

f i g u r e s  11-2 and 11-3. 

The i n l e t  d u c t  a d a p t e r  w a s  des igned  w i t h  a 3 - i n .  o f f s e t  between t h e  

i n l e t  and e x i t  c e n t e r l i n e s  t o  accommodate t h e  3 - i n .  o f f s e t  between t h e  

NASA f a c i l i t y  i n l e t  d u c t i n g  and t h e  e x i t  d u c t i n g .  

The i n l e t  i n s t r u m e n t a t i o n  s e c t i o n  ( f i g u r e  11-4) w a s  a p r e c i s i o n -  

machined r i n g  p rov id ing  t h e  d e s i r e d  i n l e t  i n s t r u m e n t a t i o n  a rea .  The 

s e c t i o n  w a s  a n  annulus  used t o  de te rmine  d i f f u s e r  i n l e t  o p e r a t i n g  con- 

d i t i o n s  and a l s o  as  a n  a c c u r a t e ,  redundant  a i r f l o w  measuring d e v i c e .  

The i n l e t  nose cone,  a l s o  h e l d  t o  c l o s e  t o l e r a n c e s ,  formed t h e  I D  w a l l  

o f  t h i s  s e c t i o n .  The hemisphe r i ca l  nose  cone provided a n  i n l e t  b e l l -  

mouth. 

I n s t r u m e n t a t i o n  w a s  a l s o  l o c a t e d  a t  t h e  d i f f u s e r  e x i t  ( i n l e t  t o  

burner )  f o r  s e t t i n g  t h e  b u r n e r  i n l e t  a i r f l o w  c o n d i t i o n .  E i g h t  s t r u t s  

were provided t o  s u p p o r t  the d u c t  bu rne r  dome assembly  a t  t h e  d i f f u s e r  

ex i t  ( f i g u r e  11-5). A b l eed  a i r  pas sage  was provided  ha l fway a l o n g  

t h e  d i f f u s e r  I D  w a l l  f o r  i n n e r  l i n e r  c o o l i n g  a i r .  A t  t h e  i n l e t  o f  

t h e  b l eed  passage ,  s t a t i c  and t o t a l  p r e s s u r e  i n s t r u m e n t a t i o n  were 

provided  t o  de t e rmine  c o o l i n g  a i r f l o w  rate .  The d i f f u s e r  case had 40 

external pads f o r  mounting t h e  Zone-1 f u e l  n o z z l e s .  Four  main s t r u c -  

t u r a l  s t r u t s  i n  t h e  d i f f u s e r  i n l e t  suppor ted  t h e  centerbody and s u p p l i e d  

c o o l i n g  water f o r  t h e  i n n e r  e x i t  n o z z l e  and t h e  cove r  p l a t e .  These s t r u t s  

a l s o  provided a pa th  f o r  p r e s s u r e  and t empera tu re  i n s t r u m e n t a t i o n  l e a d s  

and Zone 2 I D  f u e l  l i n e s .  

11- 1 
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F i g u r e  11 -2 .  Duct Burner R ig  I n s t a l l a t i o n  i n  FE 59721 
T e s t  F a c i l i t y ,  E x i t  Nozzle  Removed 

k 

F i g u r e  11-3. Duct Burner Rig I n s t a l l a t i o n  i n  FE 59720 
T e s t  F a c i l i t y ,  Rig Access Door Open 

11- 3 
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F i g u r e  11-4. I n l e t  I n s t r u m e n t a t i o n  S e c t i o n ,  FE 57535 
Looking Downstream 

F i g u r e  11-5. D i f f u s e r  E x i t ,  Looking Upstream FD 22327 

11-4 
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. The ram-induct ion combustor ( f i g u r e s  11-6 through 11-8) w a s  des igned  

as two b a s i c  a s sembl i e s :  t h e  dome and pr imary l i n e r  assembly and t h e  

secondary  l i n e r  assembly.  The dome and pr imary  l f n e r  assembly ( f i g -  

u r e  11-9) i nc luded  t h e  pr imary l i n e r ,  the  N o .  1 and N o .  2 s coops ,  t h e  

f i r e w a l l  and c i r c u l a r - s h a p e d  a i r  swirlers and t h e  s n o u t .  T h i s  assembly 

w a s  f a s t e n e d  t o  t h e  ex i t  d i f f u s e r  s t r u t s  by 8 p i n s .  The secondary  I D  

and OD l i n e r  a s sembl i e s  c o n s i s t e d  o f  t h e  l i n e r s  and t h e  N o .  3 scoops .  

The secondary  l i n e r s  were b o l t e d  t o  t h e  i n n e r  and o u t e r  bu rne r  cases. 

The secondary  l i n e r s  suppor t ed  t h e  a f t  end of  t h e  pr imary bu rne r  l i n e r  by 

s u p p o r t  t a b s .  The I D  and OD v o r t e x  g e n e r a t o r s  and Zone-2 f u e l  s p r a y b a r s  

w e r e  a t t a c h e d  t o  t h e  i n n e r  and o u t e r  bu rne r  cases. The v o r t e x  g e n e r a t o r s  

a r e  shown i n  f i g u r e  11-10; t u r b u l a t o r s ,  used l a te r  i n  t h e  development 

program are  inc luded  i n  the f i g u r e .  The pr imary l i n e r  accep ted  two s p a r k  

i g n i t e r s  l o c a t e d  180 deg  apar t .  I g n i t i o n  w a s  provided by two s u r f a c e -  

d i s c h a r g e  s p a r k  i g n i t e r s  w i t h  20- j o u l e  exci ters .  

The o u t e r  c o o l i n g  l i n e r  ( f i g u r e  11-11) c o n s i s t e d  of 60 one-p iece  

convolu ted  segments ( f i g u r e  11-12) i n s t a l l e d  i n  l i n e r  t r a c k s  ( f i g u r e  11-13) 

welded t o  t h e  o u t e r  l i n e r  case. To i n c r e a s e  t h e  e f f e c t i v e n e s s  of t h e  

c o o l i n g  a i r  under  t he  c o n v e c t i v e l y  cooled  l i n e r  segments ,  ramps were 

i n s t a l l e d  as  shown i n  f i g u r e s  11-13 and 11-14, 

used l a t e r  i n  the development program are shown i n  f i g u r e  11-15. 

The a c o u s t i c a l  l i n e r s  

Zone 2 Fuel Ring rID Wall 

Generators 

NO. 1 and NO. 2 scoops 

Secondary Liner Assembly 

@l$J 
--- 

Lprimary Liner Support Tab 
L I D  wall 

F i g u r e  11-6 .  Schematic  of  F u l l  Annular  Turbofan 
Duct Burner  

11- 5 
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F i g u r e  11-7. Ram-Induction Burner ,  Looking U p s t r e a m  FD 22344 

- 1  
I 
i 
i 

F i g u r e  11-8. Assembled Burner  S e c t i o n  

11- 6 
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F i g u r e  11-9. Dome and Primary L i n e r  Assembly FE 57542 

F i g u r e  11-10. Vor tex  Genera tors  

11- 7 
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F i g u r e  11-11. Assembly of O u t e r  Cool ing L i n e r s  FD 22329 

F i g u r e  11-12. Ou te r  Cool ing L i n e r  Segment FE 57718 

11- 8 
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F i g u r e  11-13. O u t e r  Cool ing L i n e r  FD 22330 

F i g u r e  11-14. Ou te r  Cool ing L i n e r  as Viewed 
Looking U p s t r e a m  

FD 22331 
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F i g u r e  11- 15. Revised Outer  Cool ing L i n e r s  
With A c o u s t i c  Damping 

FE 71984 

The i n n e r  c o o l i n g  l i n e r  w a s  f i lm-cooled  w i t h  t h r e e  c o o l i n g  louve r s  and 

a bypass louve r  ( f i g u r e s  11-16 and 11-17) ,  T o t a l  and s t a t i c  p r e s s u r e  i n s t r u -  

men ta t ion  w e r e  provided a t  t h e  bypass  l o u v e r  t o  de t e rmine  t h e  d i f f u s e r  b leed  

bypass a i r f l o w .  The i n n e r  l i n e r  case w a s  a p e r f o r a t e d  c y l i n d e r  used as a 

s t r u c t u r a l  member f o r  a t t a c h i n g  t h e  i n n e r  n o z z l e  and cover  p l a t e .  The i n n e r  

l i n e r  w a s  a t t a c h e d  t o  t h e  f r o n t  o f  t h e  i n n e r  l i n e r  case by a r o t a t i n g  l o c k i n g  

d e v i c e .  The a f t  end o f  t h e  l i n e r  w a s  r i g i d l y  h e l d  between t h e  i n n e r  l i n e r  

case and t h e  i n n e r  n o z z l e ,  a l l o w i n g  t h e  remainder  o f  t h e  c o o l i n g  l i n e r  t o  

t h e r m a l l y  expand upstream. During t h e  test  program, t h e  i n n e r  c o o l i n g  

l i n e r  w a s  modif ied t o  i n c l u d e  a c o u s t i c a l  boxes,  as shown i n  f i g u r e  11-18. 

The e x i t  nozz le  s e c t i o n  ( f i g u r e s  11-19  and 11-20) c o n s i s t e d  o f  a con- 

v e r g i n g  annulus  w i t h  movable r a d i a l  p lugs  f o r  v a r y i n g  t h e  f low a r e a .  Th i s  

d e s i g n  was adapted from a s i m i l a r  nozz le  used i n  d u c t  burner  segment r i g  

t e s t s .  Of t h e  20 c y l i n d r i c a l  p lugs  w i t h  s p h e r i c a l  e n d s ,  18 could  be pos i -  

t i oned  e i t h e r  f u l l y  i n t o  the annulus  o r  r e t r a c t e d  t o  l e a v e  o n l y  t h e  

4 
I 
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s p h e r i c a l  end p r o t r u d i n g  i n t o  t h e  annu lus .  The remaining 2 plugs were 

h y d r a u l i c a l l y  a c t u a t e d  from the  c o n t r o l  c e l l  and used t o  t r i m  a t e s t  p o i n t ,  

a l l owing  a 0 t o  5.5% change i n  t h e  n o z z l e  flow are,. This  d e s i g n  

provided a h igh  degree  of  p r e c i s i o n  and r e p e a t a b i l i t y .  

The e x i t  n o z z l e  assembly was des igned  t o  a c c e p t  two i n n e r  n o z z l e s ;  t h e  

u s e  of two i n n e r  nozz le s  made t h e  d e t e r m i n a t i o n  of t h e  f low a r e a  o v e r  i t s  

e n t i r e  range  more a c c u r a t e .  The i n n e r  n o z z l e  assembly w a s  s e l e c t e d  t o  

be changeable  because  i t  w a s  s i m p l e r  i n  d e s i g n  t h a n  t h e  o u t e r  n o z z l e ,  

which had t h e  nozz le  p lugs  and p r e s s u r e  probes i n s t a l l e d  through t h e  

n o z z l e  case. 

F i g u r e  11-16. I n n e r  Cool ing  L i n e r ,  A s  Viewed FD 22332 
From Hot Combustion S i d e  

Diffuser 
Bleed Bypass 
Air Louvers- \ 

Inner Cooling L i n e r 3  

F i g u r e  11-17. I n n e r  Cool ing L i n e r  

11-11 
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F i g u r e  11-18. I n n e r  Cool ing L i n e r  With Damping FE 67931 

F i g u r e  11-19. Rig E x i t  Nozzle S e c t i o n  FD 22333 

11- 12 
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Total Prssaure 

Section A-A 

F i g u r e  11-20.  Schematic  o f  E x i t  Nozzle  Assembly FD 143374 

The r e q u i r e d  e x i t  f low a reas ,  and t h e  e f f e c t  o f  v a r y i n g  combustion 

e f f i c i e n c y  and bu rne r  p r e s s u r e  l o s s ,  f o r  Condi t ions  1 through 4 ( l i s t e d  

i n  t a b l e  11-1) are shown i n  f i g u r e  11-21.  The maximum r e q u i r e d  area f o r  

each c o n d i t i o n  occurred  a t  maximum combustion e f f i c i e n c y  and maximum 

burne r  p r e s s u r e  loss .  A s  shown i n  f i g u r e  11-21 ,  d e v i a t i o n s  from a d e s i g n  

po in t  could be made because  a s u f f i c i e n t  margin f o r  va ry ing  t h e  nozz le  

t h r o a t  area w a s  p rovided .  Condi t ions  1 and 2 (which were t h e  a l t e r n a t e  

endurance p o i n t s )  could  be t e s t e d  u s i n g  t h e  small  d i a m e t e r  i n n e r  n o z z l e .  

For  maximum v e r s a t i l i t y ,  b o t h  i n n e r  nozz le s  w e r e  des igned  t o  o v e r l a p  a t  

Cond i t ion  2 .  

The i n n e r  n o z z l e ,  o u t e r  n o z z l e ,  and n o z z l e  p lugs  were water -cooled  

and a re  shown i n  f i g u r e  11-20. The nozz le  p lugs  w e r e  cooled  i n  groups 

of 5 p lugs  i n  a ser ies .  The c o o l i n g  water t h e n  passed i n t o  the o u t e r  

n o z z l e  case f o r  c o o l i n g .  T o t a l  and s t a t i c  p r e s s u r e  i n s t r u m e n t a t i o n  were 

a l s o  provided through t h e  o u t e r  n o z z l e  case. 

The water -cooled  e x i t  d u c t  ( f i g u r e  11-1) was provided w i t h  f o g  n o z z l e s  

t o  water quench t h e  combust ion g a s e s .  

11- 13 
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L 

Duct 

Duct 
OF 

Duct 

Tab le  11-1. Duct Burner Design Cond i t ions  
(Used To S i z e  the Exhaust  Nozzle) 

Cond i t ion  Condi t ion  Cond i t ion  Condi t ion  
1 2 3 4 

A i r f l o w  l b / s e c  90.8 309 30 9 30 9 

I n l e t  Temperature ,  200 633 633 633 

I n l e t  T o t a l  10 35 35 35 
P r e s s u r e  p s i a  

Duct Ref Mach No. 

F u e l / A i r  R a t i o  

0 .138 0.175 0.175 0.175 

0.050 0.020 0.050 0.005 

AREA - in.2 

F i g u r e  11-21. Exhaust  Nozzle Area FD 14338C 

The e x i t  d u c t  a d a p t e r  provided a t r a n s i t i o n  between t h e  r i g  and t h e  

NASA f a c i l i t y  exhaus t  d u c t .  

B. FACILITY 

The f a c i l i t y  provided metered combust ion a i r  a t  t empera tu res  up t o  

600'F. 

The combustion a i r f l o w  r a t e  w a s  measured by sharp-edged o r i f i c e s .  A f t e r  

water quenching , t h e  exhaus t  gases  w e r e  d i scha rged  through a 54- i n c h  

d i a m e t e r  b u t t e r f l y  v a l v e  and i n t o  a n  a l t i t u d e  e x h a u s t  system. See f i g -  

u r e  11-1. When t h e  exhaus t  nozz le  w a s  n o t  choked, t h e  b u t t e r f l y  v a l v e  

w a s  used t o  m a i n t a i n  a c o n s t a n t  b u r n e r  p r e s s u r e .  

The a i r  w a s  h e a t e d  i n  a n a t u r a l  g a s - f i r e d y  tube- type  h e a t  exchanger .  

11-14 
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System c a p a c i t y  w a s  l i m i t e d  a t  Condi t ion  C when o p e r a t i n g  a t  0.05 

f u e l - a i r  r a t i o .  The c o n d i t i o n  c o u l d  n o t  be main ta ined  i n  w a r m  weather  

because t h e  r e q u i r e d  amount o f  c o o l i n g  water could n o t  be e x t r a c t e d  a t  

a s u f f i c i e n t  r a t e  from t h e  f a c i l i t y  exhaus t  system. Also,  t h e  f a c i l i t y  

b u t t e r f l y  v a l v e  a t  t h e  r i g  ex i t  w a s  s m a l l  and caused a r e d u c t i o n  i n  r i g  

e x i t  vacuum c a p a b i l i t y .  Hence, c a r e f u l  t a i l o r i n g  of  t h e  quench-water 

flow r a t e  was r e q u i r e d  i n  o r d e r  t o  choke t h e  exi t  n o z z l e .  

For t h i s  i n v e s t i g a t i o n ,  t h e  d i r e c t  f i r e d  p r e h e a t e r  shown i n  f i g u r e  11-1 

w a s  used as a flow d i s t r i b u t i o n  d e v i c e  r a t h e r  t h a n  a n  a i r  h e a t e r .  A 

v a r i e t y  o f  flow d i s t r i b u t i o n  d e v i c e s  were used d u r i n g  t h e  c o u r s e  of t h e  

program. These d e v i c e s  a r e  d e s c r i b e d  i n  S e c t i o n  V I I I .  

The r e q u i r e d  f u e l  sys tem was d e s i g n e d ,  f a b r i c a t e d ,  and i n s t a l l e d  a t  

t h e  NASA L e w i s  Research Center  a s  one o f  t h e  program requi rements .  The 

f u e l  system w a s  a c t u a l l y  t h r e e  independent  systems and a d e t a i l e d  d e s c r i p -  

t i o n  is given i n  Appendix E .  

C.  INSTRUMENTATION 

The r i g  was des igned  t o  provide  p r e s s u r e  and tempera ture  i n s t r u m e n t a t i o n  

i n  t h e  p lanes  shown i n  f i g u r e  11-22. The d i f f u s e r  i n l e t  i n s t r u m e n t a t i o n  

a t  P lane  2 c o n s i s t e d  of  e i g h t  t o t a l  p r e s s u r e  rakes, e i g h t  s t a t i c  p r e s s u r e  

t a p s ,  and e i g h t  t o t a l  t empera ture  probes spaced c i r c u m f e r e n t i a l l y ,  as 

shown i n  f i g u r e  11-23. A t y p i c a l  t o t a l  p r e s s u r e  r a k e  and a t o t a l  t e m -  

p e r a t u r e  probe a r e  shown i n  f i g u r e  11-24. A t  t h e  b leed  l i p ,  P lane  3,  

t h e  d i f f u s e r  b l e e d  a i r f l o w  w a s  determined w i t h  sets  o f  p r e s s u r e  pickups 

l o c a t e d  180 d e g r e e s  a p a r t  c i r c u m f e r e n t i a l l y .  Each set  c o n s i s t e d  of  a 

t o t a l  p r e s s u r e  probe and a s t a t i c  p r e s s u r e  t a p .  The burner  i n l e t  i n s t r u -  

menta t ion  a t  P l a n e  4 c o n s i s t e d  of  e i g h t  t o t a l  p r e s s u r e  r a k e s ,  s i x t e e n  

s t a t i c  p r e s s u r e  t a p s  ( e i g h t  on t h e  OD and e i g h t  on t h e  ID) , and e i g h t  

t o t a l  t empera ture  probes spaced c i r c u m f e r e n t i a l l y  as shown i n  f i g -  

u r e  11-25. Two 1 / 4 - i n .  d i a m e t e r  immersion thermocouples ,  spaced 180 de- 

g r e e s  a p a r t  c i r c u m f e r e n t i a l l y ,  were i n s e r t e d  through t h e  secondary l i n e r  of 

t h e  b u r n e r  i n t o  t h e  h o t  combustion gases  t o  d e t e c t  a burner  i g n i t i o n  o r  

blowout. The burner  e x i t  i n s t r u m e n t a t i o n  a t  P l a n e  5 i n c l u d e d  e i g h t  water- 

cooled t o t a l  p r e s s u r e  r a k e s  and e i g h t  s t a t i c  p r e s s u r e  t a p s  ( f i g u r e  11-26) .  
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TT21 PS21 

TT2a p m m  

FT - Total pI.essure 
PS - static Pressure 
TT - Total Temperabe 

PS25 TT25 
Section A-A of Figure 11-22 

11-23. Diffuser Inlet (Plane 2) Instrument FD 

Plane 5 Total Pressure Probe 
Plane 4 Total Pressure Probe 

Plane 2 Total 
Pressure Probe 

Plane Land 4 
Total 

22335 

Figure 11-24. Rig Instrumentation 
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Pressure 
PS-Static Pressure 
TT-Total Temperature Section C-6  of Figure 11-22 

F i g u r e  11-25.  Burner I n l e t  (P lane  4 )  
I n s t r u m e n t a t i o n  Locat ions  

FD 22337 

PT - Total Pressure 
ps - static pressure 
'I" - Total Temperature 

PT55 
Section DD of Figure 11-22 

F i g u r e  11-26. E x i t  Nozzle (P lane  5)  
I n s t r u m e n t a t i o n  Locat ions  

11-18 
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.\. I n s t r u m e n t a t i o n  P lanes  6 and 7 c o n s i s t e d  of  two s t a t i c  p r e s s u r e  t a p s  a t  

each p l ane  spaced 180 degrees  a p a r t  c i r c u m f e r e n t i a l l y  ( f i g u r e  1 1 - 2 7 )  . 
This  i n s t r u m e n t a t i o n  w a s  provided t o  de te rmine  i f  Pzpe r son ic  f low had 

occurred  a f t  o f  P lane  5,  i n d i c a t i n g  whether  t he  e x i t  nozz le  w a s  choked 

o r  n o t .  

rIn line With PS51 

PS - Static Pressure 
t In Line with P~55 

Section E-E and F-F of FigureII-22 

F i g u r e  11-27’. Downstream Nozzle (Planes 6 and 7) FD 22339 
I n s  t rumenta t i o n  Loca t ions  

The i n n e r  c o o l i n g  l i n e r  w a s  ins t rumented  w i t h  chromel-alumel s k i n  

thermocouples spaced a x i a l l y  a t  t o p  and bot tom dead c e n t e r ,  as shown i n  

f i g u r e  11-28. T o t a l  and s t a t i c  p r e s s u r e  i n s t r u m e n t a t i o n  w e r e  i n s t a l l e d  

i n  t h e  bypass  l o u v e r  i n  two c i r c u m f e r e n t i a l  l o c a t i o n s  t o  de te rmine  t h e  

bypass  f low.  The c o o l i n g  a i r f l o w  w a s  ob ta ined  by s u b t r a c t i n g  t h e  bypass 

flow from t h e  b l eed  f low.  
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Theromocmple Locations 

Combustion Gasses- 

F i g u r e  11-28. I n n e r  Cool ing L i n e r  Thermocouple 
Loca t ions  

FD 22341 

Two o f  t h e  o u t e r  c o o l i n g  l i n e r  segments were ins t rumented  wi th  

chromel-alumel s k i n  thermocouples ,  as shown i n  f i g u r e  11-12. Oute r  

l i n e r  c o o l i n g  a i r f l o w  w a s  de te rmined  i n  two c i r c u m f e r e n t i a l  l o c a t i o n s  

wi th  t o t a l  and s t a t i c  p r e s s u r e  p ickups ,  as shown i n  f i g u r e  11-29. 

Static Pressure Ta 

Combustion Gasses - 
F i g u r e  11-29. Ou te r  Cool ing L i n e r  I n s t r u -  

menta t i o n  
FD 22340 

Water-cooled r a d i a l  t r a v e r s i n g  t empera tu re  and p r e s s u r e  probes 

( f i g u r e  30) could  be i n s t a l l e d  i n  t h e  e x i t  nozz le  a t  l o c a t i o n s  occupied 

by t h e  e i g h t - p o i n t  t o t a l  p r e s s u r e  r a k e s .  The thermocouples  were o f  t h e  

a s p i r a t i n g  t y p e  and c a p a b l e  o f  measuring t empera tu res  a s  h i g h  as 3600OF. 

Two probe a s sembl i e s  were b u i l t .  

Bosses w e r e  provided i n  two c i r c u m f e r e n t i a l  l o c a t i o n s  f o r  dynamic 

p r e s s u r e  s e n s o r s ,  which w e r e  i n s t a l l e d  through t h e  o u t e r  l i n e r  t o  d e t e c t  

bu rne r  p r e s s u r e  o s c i l l a t i o n s ,  as shown i n  f i g u r e  11-31. 
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F i g u r e  11-30 .  High-Temperature T r a v e r s i n g  Gear FE 65241 

Outer Liner 

view LA& upstream Sedion A-A 
I 

F i g u r e  11- 31. Dynamic Pres  s u r e  Sensor  Loca t ion  FD 22342 
on Oute r  Cool ing L i n e r s  
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D .  DATA RECORDING SYSTEM 

Rig i n s t r u m e n t a t i o n  d a t a  w e r e  a u t o m a t i c a l l y  recorded  by t h e  NASA CADDE 

au tomat i c  d a t a  r e c o r d i n g  sys tem.  This  sys tem a u t o m a t i c a l l y  r e c o r d s  up t o  

300 p r e s s u r e s  and 100 v o l t a g e s  i n  30 sec t o  a quoted accu racy  o f ?  0.15% o r  

b e t t e r  of  f u l l - s c a l e  r ange .  A l l  i n f o r m a t i o n  i s  d i g i t i z e d ,  encoded,  and 

recorded  on magnet ic  t a p e  f o r  au tomat i c  i n s e r t i o n  i n t o  a high-speed d i g i t a l  

computer.  The computer a c c e p t s  t h e  encoded d a t a  produced by t h e  r e c o r d i n g  

sys tem and a u t o m a t i c a l l y  c a l i b r a t e s  i t ,  c a l c u l a t e s  a v e r a g e s ,  forms r a t i o s ,  

and computes t e r m i n a l  c a l c u l a t i o n s ,  such a s  a i r f l o w ,  f u e l  f low,  f u e l l a i r  

r a t i o ,  and Mach numbers. F i g u r e  11-32 i s  a b l o c k  diagram of t h e  sys tem a s  

used i n  t h i s  program. The SW-24 t e s t  f a c i l i t y  i s  connected t o  the  CADDE 

a r e a  of  t h e  c e n t r a l  d a t a  p r o c e s s i n g  room by means of a t e l ephone- type  

c a b l e .  Vol tages  from s e n s o r s  (such a s  thermocouples ,  p o t e n t i o m e t e r s  , and 

f lowmeters )  a r e  measured and conve r t ed  t o  d i g i t a l  form, one a t  a t i m e ,  by 

a n  au tomat i c  v o l t a g e  d i g i t i z e r  (AVD).  A l l  p r e s s u r e s  a r e  t a k e n  from t h e  

t e s t  f a c i l i t y  th rough copper  t u b i n g  t o  t h e  d i g i t a l  au tomat i c  m u l t i p l e  pres-  

s u r e  r e c o r d e r  (DAMPR) sys tem and a r e  t ransformed i n t o  e l e c t r i c a l  s i g n a l s .  

The o u t p u t s  of t h e  AVD and DAMPR a r e  f ed  i n t o  t h e  temporary s t o r a g e  and 

sequence c o n t r o l  b lock  and a r e  he ld  t empora r i ly  t o  a r r a n g e  them i n  p rope r  

o r d e r .  I d e n t i f i c a t i o n ,  word numbering, and e d i t i n g  and c o n t r o l  i n s t r u c -  

t i o n s  a r e  added a u t o m a t i c a l l y  and t h e  d a t a  a r e  f e d  o u t  i n  a p r e s c r i b e d  

sequence acco rd ing  t o  a predetermined program. The ou tpu t  i s  f e d  t o  t h e  

t a p e  hand le r  and recorded  a t  a r a t e  of 20 words p e r  second f o r  a l l  d a t a ,  

except  AVD, which may b e  recorded  a t  d i f f e r e n t  r a t e s  depending on t h e  

i n d i v i d u a l  d i g i t i z e r  employed. 

Recorded d a t a  can be  sent back t o  t h e  test  c e l l  c o n t r o l  room by means 

o f  a f l e x o w r i t e r  and a f a c s i m i l e  p l o t t e r .  The r a w  in fo rma t ion  pe rmi t s  

rough c a l c u l a t i o n s  t o  be  made d u r i n g  t h e  t e s t i n g .  The f a c s i m i l e  p l o t t e r  

d i s p l a y s  t h e  d a t a  f o r  a l l  recorded  parameters  i n  a form s i m i l a r  t o  a 

c a l i b r a t e d  b a r  graph , which pe rmi t s  e a s y  comparison o f  p r o p o r t i o n a l  

numer ica l  v a l u e s  (much l i k e  a manometer board) .  The f l e x o w r i t e r  p l o t s  

15 d a t a  words p e r  second,  as compared w i t h  one word p e r  second f o r  a 

t y p e w r i t t e n  copy. 
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SECTION 111 
DIFFUSER, DUCT BURNER, AM) FUEL INJECTOR DESIGN 

A .  DIFFUSER DESIGN 

I n  accordance w i t h  t h e  c o n t r a c t  r e q u i r e m e n t ,  t h e  d i f f u s e r  was s i z e d  

f o r  t h e  P r a t t  & Whitney A i r c r a f t  STF-219 t u r b o f a n  e n g i n e ,  d e s i g n - r a t e d  

f o r  600 l b l s e c  a i r f l o w  a t  sea l e v e l  s t a t i c  c o n d i t i o n s  (340 l b / s e c  d u c t  a i r f l o w ) .  

Except f o r  minor c o n t o u r  m o d i f i c a t i o n s  made t o  s i m p l i f y  manufac tur ing ,  

t h e  d i f f u s e r  c o n f i g u r a t i o n  and dimensions were t a k e n  from t h e  e n g i n e  d e s i g n .  

To reduce c o n s t r u c t i o n  c o s t ,  only f o u r  wide d i f f u s e r  s t r u t s  w e r e  used i n  

t h e  r i g  i n s t e a d  of f o u r  wide and f o u r  narrow s t r u t s  a s  i n  t h e  STF-219 

engine .  

F i g u r e  111-1 shows t h e  v a r i a t i o n  of f l o w  a r e a  w i t h  l e n g t h  f o r  t h e  r i g .  

A c o n s e r v a t i v e  d i f f u s e r ,  having t h e  o v e r a l l  a r e a  r a t i o  (duct  burner  r e f e r e n c e  

a r e a l d i f f u s e r  i n l e t  a r e a )  e q u a l  t o  2 . 7 7 ,  would have been approximate ly  

twice t h e  l e n g t h  of t h e  d i f f u s e r  shown. F o r  t h i s  r e a s o n ,  t h e  d i f f u s e r  and 

b u r n e r  d e s i g n s  were i n t e g r a t e d  s o  t h a t ,  i n s t e a d  of  d i f f u s i n g  t h e  a i r  t o  a low 

v e l o c i t y  and t h e n  a c c e l e r a t i n g  i t ,  t h e  a i r  was d i f f u s e d  t o  t h e  approximate 

v e l o c i t y  a t  which i t  flowed around t h e  b u r n e r .  

Diffuser Inlet @ 

1.0 1.0 

0.8 0.8 

-’le 5 0.6 
x h  41p 0.6 

4 1 ~ 0 . 4  0.4 

0.2 0.2 

0 0 
0 10 20 30 40 50 60 70 80 90 100 110 

LENGTH - in. 

F i g u r e  111-1. Flow Area vs Length FD 135938 
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The d i f f u s e r  l e n g t h  and e f f e c t i v e  d i f f u s i o n  a n g l e  w e r e  chosen  t o  s a t i s f ?  

t h e  fo l lowing  r equ i r emen t s  : 

1. 

2 .  

3 .  

The r a t e  of d i f f u s i o n  was k e p t  low enough t o  avoid  f low 

s e p a r a t i o n .  Flow s e p a r a t i o n  might cause  v i b r a t i o n  and non- 

uni form a i r f l o w  i n  t h e  b u r n e r ;  t h i s  would,  i n  t u r n ,  r educe  

combust ion e f f i c i e n c y .  Also,  a n o n s e p a r a t i n g  d i f f u s e r  would 

g e n e r a l l y  have  high e f f i c i e n c y .  

The t u r n i n g  a n g l e s  a t  t h e  f a n  d i s c h a r g e  and b u r n e r  i n l e t ,  

which a r e  a t  d i f f e r e n t  r a d i i )  were minimized. Excess ive  

t u r n i n g  a n g l e s  c r e a t e  l o c a l  s t a t i c  p r e s s u r e  v a r i a t i o n s  t h a t  

c a u s e  f low s e p a r a t i o n .  

S u f f i c i e n t  space  was provided  around the  i n s i d e  and o u t s i d e  

of t h e  d i f f u s e r  f o r  t h e  i n s t a l l a t i o n  of t h e  r e q u i r e d  eng ine  

a c c e s s o r i e s  and equipment .  

F i g u r e  111-2 shows t h e  s e p a r a t i o n  expe r i ence  of  a s e r i e s  of a c t u a l  

engine  d i f f u s e r s .  Compared t o  t h e s e  d i f f u s e r s ,  t he  STF-219 eng ine  d i f f u s e r  

was chosen q u i t e  c o n s e r v a t i v e l y .  A c o n s e r v a t i v e  d e s i g n  was d e s i r a b l e  

because o f  the  t u r n s  r e q u i r e d  i n  t h e  d i f f u s e r  and because the  expec ted  

f a n  d i s c h a r g e  a i r f l o w  would have a l a r g e  r a d i a l  v e l o c i t y  v a r i a t i o n ,  w i t h  

r e l a t i v e l y  low v e l o c i t i e s  a t  t h e  i n n e r  d i a m e t e r .  

2.8 
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1.0 
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EQUIVALENT CONICAL ANGLE, 28, - deg 

F i g u r e  111-2. D i f f u s e r  Design Limi ts  
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A t  S t a t i o n  2 of f i g u r e  111-1, approximate ly  lo"/, of t h e  a i r f l o w  was 

b led  from t h e  d i f f u s e r  i n n e r  d i a m e t e r .  On t h e  STF-219 eng ine  t h i s  flow 

was d i v e r t e d  f o r  t h r e e  r easons  : 

1. To provide  approximate ly  5% of  t h e  t o t a l  a i r f l o w  t o  c o o l  

t h e  i n n e r  c o o l i n g  l i n e r .  

2 .  To bypass a s m a l l  a d d i t i o n a l  amount of a i r  (5%) around t h e  

b u r n e r ,  u s i n g  t h e  a v a i l a b l e  space  between the  engine  gas  

g e n e r a t o r  and t h e  d u c t  b u r n e r .  Bleeding al lowed t h e  bu rne r  

r a d i a l  dimensions t o  be i n c r e a s e d  somewhat p rov id ing  h i g h e r  

burner  r e l a t i v e  volume w i t h  inc reased  bu rne r  s t a b i l i t y  a t  

no a d d i t i o n a l  p r e s s u r e  l o s s .  

3 .  To remove low v e l o c i t y  a i r f l o w  from t h e  i n n e r  d i ame te r  of 

t h e  d i f f u s e r  b e f o r e  t h e  t u r n  i n  t h e  d u c t i n g  was encountered ,  

minimizing t h e  p o s s i b i l i t y  of flow s e p a r a t i o n  a t  t h i s  t u r n .  

A s l i g h t  a c c e l e r a t i o n  of t h e  flow was main ta ined  from S t a t i o n  3 t o  

S t a t i o n  5 ( f i g u r e  111-1) through t h e  t u r n s  and around t h e  s i d e s  of t h e  

bu rne r  dome t o  improve t h e  flow s t a b i l i t y .  

B .  DUCT BURNER DESIGN 

1. Design Cri ter ia  

The s p e c i f i c  d e s i g n  g o a l s  of  t h e  duc t  bu rne r  were:  

0 Minimum combustion e f f i c i e n c y  of 95% 

0 Maximum i so the rma l  t o t a l  p r e s s u r e  l o s s  o f  5% a t  a duc t  

r e f e r e n c e  Mach number of 0.15 

0 Minimum burner  l i f e  c a p a b i l i t y  of  600 hours  

0 Smooth, s t a b l e  o p e r a t i o n  a t  a l l  d e s i r e d  o p e r a t i n g  c o n d i t i o n s  

0 Reasonable s i m p l i c i t y  and o t h e r  c h a r a c t e r i s t i c s  s u i t a b l e  

f o r  a p p l i c a t i o n  t o  a s u p e r s o n i c  t r a n s p o r t .  

F i g u r e  111-3 shows a schemat ic  of a ram-induct ion  d u c t  bu rne r .  The 

ram-induct ion hardware was p o s i t i o n e d  i n  t h e  d u c t  s o  t h a t  i t  occupied 

approx ima te ly  two t h i r d s  of  t h e  d u c t  c r o s s - s e c t i o n a l  area.  The bu rne r  

was f i t t e d  w i t h  r a m  a i r  scoops ,  which tu rned  t h e  a i r  i n t o  t h e  combustion 

zone through e f f i c i e n t ,  wide- rad ius  t u r n i n g  vanes o r  scoops .  Approximately 

111-3 
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30 t o  50% o f  t h e  a i r f l o w  passed through t h e  dome and l i n e r s ;  t h e  remainder  ' 

c o n v e c t i v e l y  cooled  t h e  wal ls  and w a s  burned w i t h  f u e l  f u r t h e r  downstream 

i n  t h e  t a i l p i p e ,  a s  shown i n  f i g u r e  111-3. A i r  e n t e r e d  t h e  burner  dome 

and passed through c i r c u l a r  a i r  swir lers  l o c a t e d  c o n c e n t r i c a l l y  around 

each  Zone-1 f u e l  n o z z l e .  

R a m - I n d u c t i o n  Sec t ion  --Tailpipe S e c t i o n  

Zone 1 

Zone 2 
Fuel 
N o ~ z l e s  

F i g u r e  111-3. T y p i c a l  Ram I n d u c t i o n  
Duct Burner 

FD 11544B 

A t  low f u e l l a i r  r a t i o s ,  t h e  n e c e s s a r y  f u e l  f o r  combustion was s u p p l i e d  

by t h e  Zone-1 f u e l  n o z z l e s .  The e f f i c i e n t l y  burned g a s e s  mixed w i t h  t h e  

bypass a i r  i n  t h e  t a i l p i p e ;  mixing d e v i c e s  immediately downstream o f  t h e  

Zone-2 f u e l  n o z z l e s  ensured a more uniform combustion gas  e x i t  tempera- 

t u r e  p r o f i l e .  A t  h i g h  f u e l l a i r  r a t i o s ,  t h e  a d d i t i o n a l  f u e l  r e q u i r e d  was 

s u p p l i e d  by t h e  Zone-2 f u e l  n o z z l e s  and i n j e c t e d  i n t o  t h e  bypass a i r .  

Combustion took  p l a c e  when t h e  m i x t u r e  came i n t o  c o n t a c t  w i t h  t h e  h o t ,  

burned Zone-1 g a s e s .  

S e v e r a l  segment ram-induct ion b u r n e r s  had been t e s t e d  by P r a t t  & 

Whitney A i r c r a f t  a t  c o n d i t i o n s  v e r y  s i m i l a r  t o  t h o s e  l i s t e d  i n  

t a b l e  11-1. The c o n f i g u r a t i o n  showing t h e  b e s t  s t a b i l i t y  and poten-  

t i a l  t o  m e e t  t h e  program requi rements  w a s  t h e  Model "H" (P&WA 

d e s i g n a t i o n )  b u r n e r  shown i n  f i g u r e  111-4. This  model o p e r a t e d  w i t h  

h i g h  e f f i c i e n c i e s  over  a f u e l / a i r  r a t i o  range o f  0 .001 t o  0.062 a t  i n l e t  

c o n d i t i o n s  down t o  9 p s i a ,  200"F, and a duc t  r e f e r e n c e  Mach number o f  

0.15. It had a low i s o t h e r m a l  p r e s s u r e  loss of 4.49 p e r c e n t .  

" 1  
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Zone 2 Fuel Rin 

No. 1 and No. 4 Scoops Are In-Line 
No. 2 and No. 3 Scoops Are In-Line 

Figure  111-4. Schematic  of  Ram-Induction Duct FD 13589A 
Burner ,  Model "H" 

For the  p r e s e n t  program, m o d i f i c a t i o n s  were made t o  t h e  Model "H" 

ram-induct ion burner  des ign  t o  f u r t h e r  improve i t s  burn ing  range  and 

e f f i c i e n c y .  The most s i g n i f i c a n t  changes made were t o  (1) i n c r e a s e  t h e  

a i r f l o w  i n t o  the  Zone-1 burn ing  r e g i o n ,  ( 2 )  i n c r e a s e  t h e  i n t e r n a l  bu rne r  

volume, and ( 3 )  i n c r e a s e  the  Zone-1 f u e l  nozz le  s p a c i n g .  These i tems  

a re  d i s c u s s e d  i n  more d e t a i l  i n  t h e  fo l lowing  pa rag raphs .  

From segment burner  tes ts  , i t  was found t h a t  i n c r e a s i n g  t h e  Zone-1 

f u e l  flow g e n e r a l l y  r e s u l t e d  i n  h i g h e r  o v e r a l l  burner  e f f i c i e n c i e s .  

This  was because t h e  h i g h  degree  of t u rbu lence  w i t h i n  t h e  ram-induct ion  

s e c t i o n  promoted more e f f i c i e n t  mixing of  t h e  f u e l  and a i r .  However, 

t he  Zone-1 f u e l  flow could  n o t  be a r b i t r a r i l y  i n c r e a s e d  because  t h e  mix- 

t u r e  w i t h i n  t h i s  s e c t i o n  would have become too  r i c h  t o  s u s t a i n  a flame. 

The Zone-1 f u e l  flow could  be i n c r e a s e d ,  however, by a l l o w i n g  more a i r  

t o  e n t e r  t h e  ram-induct ion  s e c t i o n .  I d e a l l y ,  it w a s  d e s i r a b l e  t o  a l low 

a l l  t h e  a i r  t o  e n t e r  t h i s  s e c t i o n ;  however, t h e  i s o t h e r m a l  p r e s s u r e  l o s s  

would have been too  h igh .  Consequent ly ,  t h e  f i r s t  major m o d i f i c a t i o n  t o  

t h e  Model "H" bu rne r  d e s i g n  w a s  t o  i n c r e a s e  t h e  open a r e a s  of  t h e  scoops ,  

c o o l i n g  s l o t s  , e t c .  

To provide  o p e r a t i o n  w i t h  t h i s  i n c r e a s e d  a i r f l o w  over  t h e  wide range  of 

t e s t  c o n d i t i o n s  encoun te red ,  t h e  i n t e r n a l  bu rne r  volume was i n c r e a s e d .  

T e s t  r e s u l t s  from ram-induct ion  bu rne r s  i n d i c a t e d  a d e f i n i t e  r e l a t i o n s h i p  
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between burn ing  range and t h e  r a t i o  of b u r n e r  a i r f l o w  t o  i n t e r n a l  b u r n e r  * 

volume. This r e l a t i o n s h i p  could be expressed  as : 

Minimum Blowout P r e s s u r e  a t  a - - Airf low 
Given Fuel /Air  R a t i o  Volume 

where K was a n  e x p e r i m e n t a l l y  determined c o n s t a n t .  The r a t i o  of a i r f l o w  

t o  volume was kept  approximate ly  t h e  same as t h a t  of  t h e  Model "H" ram- 

induc t i o n  burner  . 
The i n c r e a s e d  i n t e r n a l  burner  volume was provided by bypass ing  a p p r o x i -  

m a t e l y  10% of t h e  f a n  d i s c h a r g e  a i r f l o w  through t h e  d i f f u s e r  b l e e d  and 

around t h e  i n n e r  annulus  cas ing  , a s  p r e v i o u s l y  d i s c u s s e d .  Furthermore,  

because t h e  Model "HI' burner  had a p r e s s u r e  loss  o f  4.4% and t h e  t a r g e t  

v a l u e  f o r  t h e  f u l l  a n n u l a r  d u c t  burner  was 5%, t h e  l o c a l  a r e a  p e r  u n i t  

flow a t  t h e  burner  e x i t  ( S t a t i o n  8 of  f i g u r e  111-1) w a s  d e c r e a s e d  by t h e  

f a c t o r  I/=. 
l o s s  i s  v e r y  n e a r l y  p r o p o r t i o n a l  t o  t h i s  f a c t o r  ( t h e  l o c a l  v e l o c i t y  h e a d ) .  

This  was r e a s o n a b l e  because t h e  i s o t h e r m a l  p r e s s u r e  

The f i n a l  major d e s i g n  m o d i f i c a t i o n  w a s  t o  i n c r e a s e  t h e  Zone-1 f u e l  

nozz le  c i r c u m f e r e n t i a l  s p a c i n g  t o  4 . 5  i n c h e s .  This  s p a c i n g  was chosen t o  

o b t a i n  h igh  performance w h i l e  minimizing c o s t ,  c o m p l e x i t y ,  and w e i g h t ,  

and was wider  t h a n  t h e  3 .5- inch  s p a c i n g  used i n  t h e  Model "H" b u r n e r .  

However, t h e  r a t i o  of  n o z z l e  s p a c i n g  t o  burner  dome h e i g h t  was s i m i l a r  

f o r  t h e  two burners  because o f  t h e  g r e a t e r  dome h e i g h t  o f  t h e  f u l l  

a n n u l a r  d u c t  b u r n e r .  The n o z z l e  c i r c u m f e r e n t i a l  spac ing  d i d  n o t  exceed t h e  

dome h e i g h t ,  a commonly used n o z z l e  spac ing  c r i t e r i o n .  T e s t s  had been made 

w i t h  3 .5-  and 7- inch nozz le  s p a c i n g s  i n  a n o t h e r  ram i n d u c t i o n  b u r n e r  having 

a 3.125-inch dome h e i g h t .  With t h e  7- inch  s p a c i n g ,  t h e  low p r e s s u r e  r i c h  

and  l e a n  blowout l i m i t s  were poorer  t h a n  t h o s e  w i t h  t h e  3 .5- inch  n o z z l e  

spac ing .  However, because  t h e  e f f i c i e n c i e s  were not  s i g n i f i c a n t l y  d i f f e r e n t ,  

t h e  4 .5- inch  s p a c i n g  was c o n s i d e r e d  f u l l y  s a t i s f a c t o r y .  

2 .  Design Procedure 

A s  p r e v i o u s l y  s t a t e d ,  t h e  a r e a  of t h e  burner  openings of t h e  Model ''H" 

burner  w a s  i n c r e a s e d  t o  provide  a h i g h e r  a i r f l o w  i n t o  t h e  combustion zone. 

The major  changes were made t o  t h e  No. 1 and 2 c o o l i n g  s l o t s  and t h e  

No. 1 and 2 scoops ,  because o f  t h e  i n c r e a s e d  burner  d u r a b i l i t y  and e f f i -  

c iency t h a t  would r e s u l t  . 
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The i n c r e a s e  i n  t h e  c o o l i n g  s l o t  f lows w a s  necessary t o  e n s u r e  d u r a -  

b i l i t y  o f  t h e  b u r n e r  d u r i n g  tests o f  long  d u r a t i o n .  I n  a d d i t i o n  t o  t h i s  

i n c r e a s e d  f low,  c o o l i n g  h o l e s  were i n c o r p o r a t e d  iE:o t h e  b u r n e r  dome 

f i rewal l  t o  reduce thermal  stresses. 

The N o .  1 and 2 scoops were made wider  t h a n  t h o s e  i n  t h e  Model "H" 

b u r n e r  t o  improve t h e  Zone-1 r i c h  blowout l i m i t .  A t  t h i s  l i m i t ,  t h e  b u r n e r  

f r o n t  i s  e x c e s s i v e l y  r i c h ;  t h u s  t h e  f lame f r o n t  moves downstream where 

t h e r e  i s  l i t t l e  o r  no r e c i r c u l a t i o n  t o  hold t h e  f lame.  R e c i r c u l a t i o n  behind 

t h e  scoops should a i d  i n  h o l d i n g  t h e  f lame.  

D i f f u s e r s  were added t o  t h e  No. 1 and 2 scoops because  t h e  annulus  

v e l o c i t y  was g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  scoop v e l o c i t y  i n  t h e  Model "H" 

b u r n e r .  I f  t h e  d i f f u s e r s  had n o t  been provided ,  t h e  l o c a l  annulus  v e l o c i t y  

would have been h i g h e r  and t h e  scoop a i r  p r e s s u r e  l o s s  would have been  i n -  

c r e a s e d .  D i f f u s i o n  a l s o  took  p l a c e  i n  t h e  annulus  upstream of t h e  No. 3 

scoops . 
The number of scoops p e r  Zone-1 f u e l  n o z z l e  was main ta ined  t h e  same a s  

t h a t  i n  t h e  Model "H" b u r n e r .  However, t h e  s p a c i n g  was i n c r e a s e d  from 

3.5 t o  4.5  i n c h e s ,  which w a s  c o n s i s t e n t  w i t h  t h e  i n c r e a s e d  f u e l  n o z z l e  

s pac i n g  . 
The d e s i g n  c a l c u l a t i o n s  f o r  t h e  f u l l  a n n u l a r  d u c t  burner  were based 

on t h e  fo l lowing  assumpt ions :  

1. The t o t a l  p r e s s u r e  around t h e  b u r n e r  ( i . e . ,  i n  t h e  a n n u l a r  

bypass s t r e a m )  remained c o n s t a n t .  

2 .  The Mach number of  t h e  combustion gases  l e a v i n g  S t a t i o n  8 

( f i g u r e  111-1) w a s  v e r y  low ( l e s s  t h a n  h a l f  t h e  r e f e r e n c e  

Mach number and less  than  30% of  t h e  bypass Mach number). 

Consequent ly ,  t h e  i n t e r n a l  s t a t i c  p r e s s u r e  v a r i a t i o n s  were 

n e g l i g i b l e  (about  10% of t h e  bypass v e l o c i t y  head) .  

3 .  The t o t a l  t empera ture  of  t h e  bypass s t r e a m s  remained 

c o n s t a n t  . 
4 .  F r i c t i o n a l  l o s s e s  were n e g l i g i b l e .  

Using t h e s e  assumptions and t h e  d e s i g n  c r i t e r i a  p r e v i o u s l y  d i s c u s s e d  , 
a ser ies  o f  t r i a l - a n d - e r r o r  c a l c u l a t i o n s  w a s  made t o  de te rmine  t h e  r a d i a l  
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p o s i t i o n  of t h e  burner  w i t h i n  t h e  d u c t  and t h e  a i r f l o w s  through and 

around t h e  b u r n e r .  The r e s u l t i n g  a i r f l o w  s c h e d u l e  is shown i n  f i g u r e  111-5. 

P e r t i n e n t  dimens ions  a re  i n c l u d e d .  

I 
/------------'- ./----. M = 0.31 

M 

41.0-in. 

I/ 
Ref Area = 1865 in' 

61 1-1" 

Air Flows Given arc in X of Tats1 Fan Discharge 

F i g u r e  111-5. Ai r f low S p l i t s  f o r  F u l l  FD 135928 
Annular Turbofan D u c t  Burner 

The t o t a l  e f f e c t i v e  f low a r e a  (AC ) of  the  burner  openings and burner  

bypass a r e a s  was c a l c u l a t e d  a s  f o l l o w s .  The t o t a l  e f f e c t i v e  f low a r e a  o f  

t h e  Model "H" ram i n d u c t i o n  burner  was 61 .6% of t h e  r e f e r e n c e  a r e a ,  

Assuming a 5% p r e s s u r e  l o s s  f o r  t h e  f u l l  a n n u l a r  burner  and t h a t  t h e  

l o s s  was p r o p o r t i o n a l  t o  t h e  v e l o c i t y  head ,  t h e  a l l o w a b l e  AC f o r  t h e  

f u l l  a n n u l a r  d u c t  b u r n e r  was t h e n  

d 

d 

AC t o t a l  = 61.6 ,/F= 58% of t h e  d u c t  r e f e r e n c e  a r e a  d 

S i n c e  90% of  t h e  t o t a l  f low was t o  pass  through and around t h e  b u r n e r  

( l O % w a s  d i f f u s e r  b l e e d ) ,  t h e  t o t a l  e f f e c t i v e  f l o w  a r e a  f o r  t h e  b u r n e r  and 

bypass a r e a  was 

58 x 0.9 = 52.2% of t h e  d u c t  r e f e r e n c e  a r e a  
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A comparison of  t h e  r e s u l t i n g  i n d i v i d u a l  e f f e c t i v e  flow areas w i t h  t h o s e  

of  t he  Model "H" burne r  is  g iven  i n  t a b l e  111-2. 

A s  i n d i c a t e d  i n  t h e  flow schedu le  ( f i g u r e  1 1 1 - 5 ) ,  32% of t h e  f a n  

d i s c h a r g e  a i r f l o w  would pass  through t h e  bu rne r  openings .  The c o r r e s -  

ponding v a l u e  f o r  t h e  Model "H" burner  w a s  25%. This  i n c r e a s e d  a i r f l o w  

would n o t  o n l y  r e s u l t  i n  h i g h e r  e f f i c i e n c i e s  bu t  would a l s o  i n c r e a s e  t h e  

Zone-1 r i c h  blowout l i m i t .  Th is  i s  i l l u s t r a t e d  by t h e  fo l lowing  example. 

A t  9 p s i a ,  t h e  Model "H" bu rne r  had a n  o v e r a l l  r i c h  blowout f u e l l a i r  

r a t i o  of  0.014 w i t h  o n l y  Zone-1 f u e l  be ing  i n j e c t e d  i n t o  t h e  b u r n e r .  S ince  

25% of t h e  t o t a l  a i r f l o w  went i n t o  t h i s  b u r n e r ,  t h e  l o c a l  ( i . e . ,  w i t h i n  t h e  

bu rne r )  f u e l l a i r  r a t i o  w a s  0.014 x -- loo - 0.056.  For t h i s  l o c a l  f u e l l a i r  
25 

r a t i o  t o  e x i s t  i n  t h e  f u l l  a n n u l a r  d u c t  b u r n e r ,  t h e  o v e r a l l  f u e l l a i r  

r a t i o  would be 0.056 ( 0 . 3 2 )  = 0.018. Thus, t h e  burn ing  range  of t h e  

bu rne r  des igned  f o r  t h i s  program w a s  improved over  t h a t  o f  t h e  Model "H" 
ram-induct ion bu rne r .  

Table  1 1 1 - 2 .  Comparison of Model "H" Ram I n d u c t i o n  Burner  
and F u l l  Annular  Turbofan D u c t  Burner  

Model "HI' Burner  F u l l  Annular D u c t  Burner  

I t em 

S w i r l e r  

F i r e w a l l  Cool ing Holes 

I D  

OD 

No. 1 Cooling S l o t s  

I D  

OD 

N o .  1 and 2 Scoops 

N o .  2 Cool ing S l o t s  

I D  

OD 

N o .  3 Scoops 

N o .  3 Scoop Bypass 

T o t a l  

N o .  4 Scoops(Vortex Gene- 
r a t o r s )  

A C d / A r e f -  % 

3.08 

0 

0 

0.63 

0.63 

4 . 1 1  

0.63 

0.63 

5.84 

46.00 

61.55 

6.28 

ACd/Are f -  % 

111-9 

3.35 

0 .31  

0.37 

0.74 

0.87 

4.76 

0 .89  

1.47 

5.84 

33.8 

52.4 

6.28 

'd 

0.80 

0.60 

0 .60  

0 .75  

0 .75  

0 .71  

0.75 

0.75 

0.80 

0.94 

0 .80  
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C .  FUEL INJECTOR DESIGN 

A two-zone f u e l  i n j e c t i o n  sys tem,  s i m i l a r  t o  t h a t  used on t h e  

Model "H" a s  w e l l  as previous  ram-induct ion b u r n e r s ,  was chosen f o r  t h e  

f u l l - s c a l e  a n n u l a r  d u c t  burner .  Zone-1 w a s  l o c a t e d  a t  t h e  ups t ream 

p o r t i o n  o f  t h e  b u r n e r  and was used  from z e r o  t o  a n  i n t e r m e d i a t e  f u e l l a i r  

r a t i o .  Zone-2 was l o c a t e d  i n  t h e  bypass a i r s t r e a m  and was used t o  

supplement Zone-1 when h i g h  f u e l l a i r  r a t i o s  were r e q u i r e d .  With e x i s t i n g  

d e s i g n s ,  one-zone o p e r a t i o n  d i d  n o t  provide  combustion over  t h e  ex t remely  

wide range  of o p e r a t i n g  c o n d i t i o n s  and f u e l l a i r  r a t i o s  r e q u i r e d .  The 

Model "HI' b u r n e r  was c a p a b l e  of  t h e  f u l l  o p e r a t i n g  range w i t h  two zones.  

A l l  o t h e r  c o n f i g u r a t i o n s  t e s t e d  a t  t h e  d a t e  of  d e s i g n  had r e q u i r e d  a 

t h i r d  zone (which i n j e c t e d  f u e l  i n t o  t h e  t h i r d  o r  f o u r t h  row o f  scoops 

a t  t h e  minimum p r e s s u r e  and tempera ture  c o n d i t i o n s ) .  

Zone-1 was r e q u i r e d  t o  o p e r a t e  over  a f u e l  f low range from a p p r o x i -  

mate ly  30,000 l b / h r  a t  s i m u l a t e d  c r u i s e  (Zone 1 a t  0.035 f u e l / a i r  r a t i o )  

t o  about  1600 l b / h r  (Zone 1 a t  a s  low a s  a 0.005 f u e l / a i r  r a t i o ) .  This  

r e p r e s e n t e d  a "turndown r a t i o "  of  24.4 t o  1. I n  a d d i t i o n ,  i t  was ob- 

v i o u s l y  d e s i r a b l e  t o  o p e r a t e  t h e  burner  a t  lower f u e l / a i r  r a t i o s  a t  

s i m u l a t e d  t r a n s o n i c  c l imb,  i f  o n l y  f o r  i g n i t i o n .  S i n c e  good a tomiza-  

t i o n  was r e q u i r e d  a t  b o t h  low and h i g h  p r e s s u r e s ,  a two-s tage  ( d u a l - o r i f i c e )  

f u e l  nozz le  system was chosen .  T h i s  arrangement  was t h e  same type  a s  t h a t  

u s e d  i n  most P r a t t  & Whitney A i r c r a f t  e n g i n e  pr imary  combustors .  The two 

s t a g e s  of t h e  f u e l  nozz le  were c o n c e n t r i c .  The i n n e r  s t a g e  (or  pr imary  

o r i f i c e )  provided a h i g h  v e l o c i t y  flow a t  a l l  t es t  c o n d i t i o n s .  For  s m a l l  

v a l u e s  o f  secondary flow t h e  h i g h  v e l o c i t y  pr imary s t r e a m  e f f e c t i v e l y  

"pumped" t h e  low v e l o c i t y  secondary  s t r e a m  i n t o  t h e  combustion zone a t  

low f u e l  f low r a t e s .  Thus, good a t o m i z a t i o n  w a s  o b t a i n e d  over  t h e  24.4 

t o  1 "turndown r a t i o . "  The f u e l  f low s c h e d u l e  is shown i n  f i g u r e  111-6. 

I n  t h i s  r i g ,  t h e  two s t a g e s  were s e p a r a t e l y  manifolded and s e p a r a t e l y  

c o n t r o l l e d  and metered ,  u s i n g  two o f  t h e  t h r e e  f u e l  s u p p l y  systems pro-  

v ided  . 

The Zone-2 f u e l  n o z z l e s  were l o c a t e d  downstream o f ,  and were l a t e r a l l y  

d i s p l a c e d  w i t h  r e s p e c t  t o ,  t h e  No. 3 scoops .  The l o c a t i o n  chosen 

Zone-2 a l s o  al lowed removal of t h e  f u e l  n o z z l e s  f o r  i n s p e c t i o n  o r  

w i t h o u t  removal o f  t h e  burner .  
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F i g u r e  111-6 .  Zone-1 Flow Schedule  FD 13583A 

The Zone-2 f u e l  n o z z l e s  were s i z e d  t o  a l l o w  a f u e l / a i r  r a t i o  of 

0.04 a t  t h e  s i m u l a t e d  c r u i s e  c o n d i t i o n  f o r  e x p e r i m e n t a l  purposes  , a l t h o u g h  

t h e  program g o a l s  could  be achieved  w i t h  a f u e l  f low cor responding  t o  a 

f u e l / a i r  r a t i o  o f  0.03. The minimum f u e l  flow w a s  e s t a b l i s h e d  by a 

f u e l / a i r  r a t i o  o f  0.01 a t  t h e  t r a n s o n i c  c l imb c o n d i t i o n .  The maximum 

and minimum t o t a l  f lows were 44,500 l b / h r  and 3270 l b / h r ,  r e s p e c t i v e l y ,  

g i v i n g  a turndown r a t i o  of 13.6 t o  1. The Zone-2 f u e l  i n j e c t o r  was 

mounted i n  t h e  h i g h  v e l o c i t y  bypass a i r ,  which a i d e d  a t o m i z a t i o n .  

A l t e r n a t i v e  low flow Zone-2 i n j e c t o r s  were s u p p l i e d  w i t h  t h e  r i g  f o r  

t e s t i n g .  Zone-2 f u e l  flow was c o n t r o l l e d  and metered by t h e  t h i r d  f u e l  

s u p p l y  sys tem provided .  F i g u r e  111-7 shows t h e  Zone-2 f u e l  flow s c h e d u l e .  

Simple , s w i r l e r - t y p e  s p r a y  n o z z l e s ,  mounted on two c o n c e n t r i c  r i n g s  were 

chosen.  The o u t e r  r i n g  c o n s i s t e d  of 1 0  segments w i t h  a t o t a l  of 1 4 0  n o z z l e s  

The i n n e r  r i n g  had f o u r  segments w i t h  112 n o z z l e s .  The n o z z l e  s p a c i n g  was 

approximately 1.4 i n c h e s .  The f a c t o r s  involved  i n  t h e  d e s i g n  of t h e  Zone-2 

f u e l  r i n g s  were : 

1. The number of n o z z l e s  on t h e  o u t e r  r i n g  should  be d i v i s i b l e  

by 1 0  s o  t h a t  a l l  s p r a y  r i n g  segments could  be i d e n t i c a l .  

For  t h e  same r e a s o n ,  t h e  number of i n n e r  r i n g  nozz les  should 

b e  d i v i s i b l e  by f o u r .  
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2. Fue l  flow t o  t h e  i n n e r  r i n g  should be 

flow t o  t h e  o u t e r  r i n g  because bypass 

about 78% of t h e  

a i r  a t  t h e  i n n e r  

r i n g  was 78% of t h a t  a t  t h e  o u t e r  r i n g  and t h e  f u e l / a i r  r a t i o s  

a t  t h e  i n n e r  and o u t e r  r i n g s  should be  e q u a l .  

nozz les  were used,  t h e  number of nozzles  on t h e  i n n e r  r i n g  

should thus  b e  78% of t h e  number on t h e  o u t e r  r i n g .  

I f  i d e n t i c a l  
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111-7. Zone 2 Fuel  Flow Schedule FD 13582 

The "combustion" a i r  a t  the  o u t e r  r i n g  w a s  t aken  t o  be t h e  o u t e r  

annu la r  bypass a i r f l o w ,  less 5% f o r  l i n e r  coo l ing  a i r .  

a i r  a t  t h e  inne r  r i n g  w a s  t aken  t o  be t h e  inner  annu la r  bypass a i r f l o w  

p lus  one-ha l f  of  t h e  d i f f u s e r  b l eed  a i r ;  t h i s  b leed  a i r ,  which was 5% 

of the  t o t a l  a i r f l o w ,  r e -en te red  t h e  duc t  j u s t  downstream of t h e  v o r t e x  

gene ra to r .  The f u e l  nozz les  were aimed 15 degrees  inward from t h e  walls 

t o  minimize t h e  p o s s i b i l i t y  of f u e l  from the  o u t e r  r i n g  e n t e r i n g  t h e  cooling 

a i r  passage and f u e l  from t h e  inne r  r i n g  impinging on t h e  inne r  duc t  w a l l .  

I n  co ld  airstreams, such as those  a t  200"F, impingement of f u e l  on to  co ld  

combustor walls w a s  avoided because i t  o f t e n  causes  rough o p e r a t i o n  and 

reduced combustion e f f i c i e n c y .  

The "combustion" 
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SECTION I V  
COOLING LINER DESIGN 

A.  OUTER COOLING LINER 

1. Heat T r a n s f e r  A n a l y s i s  o f  O r i g i n a l  L i n e r  

(a) Genera l  

The o u t e r  c o o l i n g  l i n e r  w a s  des igned  as 60 i n d i v i d u a l  convolu ted  

segments t h a t  a t t a c h e d  t o  t h e  o u t e r  case as shown i n  f i g u r e  11-11. The 

p r e s s u r e  l o a d i n g  w a s  r a d i a l l y  inward and t h e  i n d i v i d u a l  segments w e r e  

t hen  s u b j e c t e d  t o  hoop l o a d i n g .  This  w a s  s u p e r i o r  t o  a s i n g l e  c y l i n -  

d r i c a l  l i n e r  t h a t  would be s u b j e c t e d  t o  a c o l l a p s i n g  load  due  t o  pres -  

s u r e  d i f f e r e n t i a l s  and would be f a r  more d i f f i c u l t  t o  d e s i g n ,  e s p e c i a l l y  

w i t h  t h e  l a r g e  d i a m e t e r s  i nvo lved .  A l a r g e  c y l i n d e r  would a l s o  pose 

d i f f i c u l t i e s  i n  m a i n t a i n i n g  uni form c i r c u m f e r e n t i a l  spac ing  from t h e  

o u t e r  c a s i n g  as i t  began t o  expand t h e r m a l l y .  The chosen d e s i g n  e l i m i -  

na t ed  t h i s  p o t e n t i a l  problem. The d e s i g n  w a s  f u r t h e r  advantageous  because  

i n d i v i d u a l  l i n e r  segments could  be  r ep laced  as r e q u i r e d ,  r educ ing  t h e  

replacement  c o s t  . 
A h e a t  t r a n s f e r  a n a l y s i s  w a s  made t o  p rov ide  a n  a i r - c o o l e d  l i n e r  

t h a t  would o p e r a t e  i n  t h e  s e v e r e  d u c t  bu rne r  environment  d e s c r i b e d  

i n  t h e  fo l lowing  pa rag raphs .  (Refer  t o  f i g u r e  IV-1.) 

\ rBurning Particles 

Scrubbing Gas-/ LO. D. Liner 

F i g u r e  I V - 1 .  Duct Burner  Environmental  
Cond i t ions  

FD 1356OA 

It w a s  assumed t h a t  a h o t  f lame c o r e  i n  t h e  bu rne r  con ta ined  many 

l o c a l i z e d  r e g i o n s  o f  f u e l  and a i r  bu rn ing  a t  a n e a r - s t o i c h i o m e t r i c  t e m -  

p e r a t u r e .  These par t ic les  could  burn  a l o n g  most o f  t h e  d u c t  l e n g t h  

and ,  f o r  i l l u s t r a t i v e  purposes ,  w e r e  shown c o n c e n t r a t e d  i n  a narrow 
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s t r i p  n e a r  t h e  center  o f  t h e  c o r e  r e g i o n .  A s  shown, bypass  a i r  flowed 

p a s t  t h e  bu rne r  and was i n j e c t e d  w i t h  f u e l  from the Zone-2 f u e l  nozz le  

r i n g .  T h i s  fue l - en r i ched  a i r  passed over  t h e  combust ion s i d e  o f  t h e  

l i n e r  and was r e f e r r e d  t o  a s  "scrubbing  gas".  

* 

The average  c o r e  tempera ture  i n c r e a s e d  i n  the a x i a l  d i r e c t i o n  be- 

cause  o f  convec t ive  e f f e c t s  and because t h e  combust ion p rocess  was 

r a t e - l i m i t e d .  S i m i l a r l y ,  t h e  scrubbing  gas  a x i a l  t empera ture  p r o f i l e  

i n c r e a s e d  w i t h  l e n g t h .  The sc rubb ing  g a s ,  which w a s  t u r b u l e n t l y  mixed 

w i t h  t h e  co re  gas  stream, reached a p o i n t  o f  spontaneous i g n i t i o n ,  and 

h e a t  w a s  p r o g r e s s i v e l y  r e l e a s e d  as t h e  gas  flowed through t h e  d u c t .  The 

o u t e r  l i n e r  a i r f l o w  w a s  s u p p l i e d  from t h e  bu rne r  bypass  a i r f l o w  as shown 

i n  f i g u r e  I V - 1 .  

The h e a t  i n p u t  t o  a w a l l  e lement  w a s  a combinat ion o f  fo rced  convec t ion  

from t h e  sc rubb ing  gas  and r a d i a t i o n  from t h e  burned p roduc t s .  I n  t h e  

forward s e c t i o n  o f  t h e  l i n e r ,  t h e  sc rubb ing  gas a c t u a l l y  cooled  t h e  l i n e r .  

H e a t  was normal ly  r e j e c t e d  by fo rced  convec t ion  t o  t h e  c o o l a n t  a i r  and 

by r a d i a t i o n  t o  t h e  o u t e r  c a s i n g .  

Because o f - t h e  m u l t i p l e  zones o f  burn ing  and d i f f e r e n t  deg rees  o f  

t u r b u l e n c e  w i t h i n  each zone,  i t  was probable  t h a t  bo th  luminous and non- 

luminous r a d i a t i o n s  e x i s t e d .  The luminous r a d i a t i o n ,  which was caused 

by a dense c o n c e n t r a t i o n  of carbon p a r t i c l e s  i n  t h e  f u e l - r i c h  zones 

(nea r  t he  s p r a y  n o z z l e ) ,  gave r i s e  t o  l a r g e  v a l u e s  o f  e m i s s i v i t y  and 

was a s t r o n g  f u n c t i o n  o f  p r e s s u r e  l e v e l .  The nonluminous r a d i a t i o n  

was caused p r i m a r i l y  by CO and H 0 p r e s e n t  i n  the  combust ion p r o d u c t s .  2 2 

The fo l lowing  g e n e r a l  assumptions were made: 

1. Both the  gas  and c o o l a n t  f lows were one-dimensional  and 

s t e a d y  . 
2.  The combust ion g a s  p r o p e r t i e s  were the  same a s  those  o f  a i r .  

3 .  The combust ion gas  t empera tu re ,  p r e s s u r e  , v e l o c i t y ,  and f low 

d i s t r i b u t i o n  were known (from o t h e r  independent  c a l c u l a t i o n s ) .  

4 .  Cool ing  a i r  i n l e t  c o n d i t i o n s  were known. 

5 .  The combust ion p roduc t s  f lowing  i n  the  d u c t  were nonluminous 

r a d i a t i n g  g a s e s .  
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6 .  The e m i s s i v i t y  and a b s o r p t i v i t y  were caused  by CO 2 and H20 

p r e s e n t  i n  t h e  p roduc t s  o f  combust ion.  

a t  the average  g a s  s t r e a m  t empera tu re .  

They were e v a l u a t e d  

7 .  The r a d i a t i n g  g a s  t empera tu re  was e q u a l  t o  t h a t  t empera tu re  

co r re spond ing  t o  t h e  o v e r a l l  f u e l l a i r  r a t i o  ( F / A  = 0.05, 

T = 3890"R). 
g r  

8 .  The h e a t  ba l ance  e q u a t i o n  could  be w r i t t e n  f o r  a l o c a l  p o i n t  

on the  o u t e r  d i ame te r  l i n e r  w a l l  w i t h  one-dimensional  h e a t  

f low.  

9. Radiant  h e a t  t r a n s f e r  between t h e  o u t e r  and i n n e r  l i n e r s  

w a s  n e g l i g i b l e  because  of  t h e  presence  of  t h e  a b s o r b i n g  

gas  s e p a r a t i n g  them. 

10.  The thermal  r e s i s t a n c e  o f  t he  l i n e r  w a l l  m a t e r i a l  was neg- 

l i g i b l e  compared t o  the  f i l m  r e s i s t a n c e s .  

11. The o u t e r  c a s i n g  w a l l  t empera ture  was approx ima te ly  e q u a l  t o  

t h e  c o o l a n t  t empera tu re .  

Assumptions 5 and 8 war ran t  f u r t h e r  comment. The p roduc t s  o f  com- 

b u s t i o n  were assumed t o  be nonluminous because v e r y  l i t t l e  f r e e  ca rbon  

was p r e s e n t .  T h i s  was t h e  r e s u l t  o f  t h e  h i g h  h e a t  r e l e a s e  and i n t e n s e  

t u r b u l e n c e  l e v e l  a s s o c i a t e d  w i t h  t h e  d u c t  bu rne r  d e s i g n .  

expe r i ence  had shown t h a t  t h e  assumpt ion  of  nonluminous r a d i a t i o n  ade-  

q u a t e l y  accounted  f o r  a l l  t h e  r a d i a n t  h e a t  l oad  ove r  t h e  range  o f  pres-  

s u r e s  t e s t e d .  

gas  w a s  found i n  Reference  1." 
on t h e  same one-dimensional  b a s i s  as t h e  convec t ive  h e a t  t r a n s f e r  s o  t h a t  

c a l c u l a t i o n s  could  be based  on t h e  t empera tu re  d i f f e r e n c e  a t  each  s t a t i o n  

i n s t e a d  o f  on some i n t e g r a t e d  mean d i f f e r e n c e  o v e r  a f i n i t e  l e n g t h  o f  

t h e  d u c t  b u r n e r .  

a c t u a l  phenomenon, gave good a v e r a g e  r e s u l t s ,  as i n d i c a t e d  i n  Refer- 

ences  1 and 2.  

as r e q u i r e d .  

Previous  

F u r t h e r  ev idence  o f  t h e  v a l i d i t y  o f  assuming a nonluminous 
-1, 

Assumption 8 p laced  t h e  gas  r a d i a t i o n  

This  t echn ique ,  a l t h o u g h  a g r o s s  approximat ion  o f  t h e  

Othe r  minor  assumpt ions  w e r e  made d u r i n g  t h e  a n a l y s i s  

*References a re  g iven  i n  Appendix C .  
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(b) Genera l  Equat ions  Used i n  C a l c u l a t i o n s  

qua t ions  used i n  

computing w a l l  t empera tu re ,  c o o l a n t  tempera ture  r ise,  and c o o l a n t  f low 

rate .  Nomenclature i s  p resen ted  a t  t h e  end of t h e  h e a t  t r a n s f e r  a n a l y s i s  

of  t h e  o u t e r  c o o l i n g  l i n e r .  

t he  fo l lowing  h e a t  ba l ance  e q u a t i o n  w a s  w r i t t e n  concern ing  a g e n e r a l  p o i n t  

on t h e  w a l l :  

With t h e  a i d  of f i g u r e  IV-2 and assumpt ion  10, 

The fo l lowing  d i s c u s s i o n  p r e s e n t s  t h e  p r t i n e n t  

9 where , 

q c ,  g 

\ 

F i g u r e  IV-2. Energy Balance f o r  Wall Element FD 13548 
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” Equat ion  (2)  d e s c r i b e d  t h e  r a d i a t i v e  h e a t  exchange p e r  u n i t  a r e a  between 
t h e  combustion g a s  and l i n e r  w a l l .  The t e r m 2  1 (1 + fw) approximate ly  

accounted f o r  a nonblack e n c l o s u r e  when E >0.7. The e m i s s i v i t y  and 

a b s o r p t i v i t y  were c a l c u l a t e d  f o l l o w i n g  methods g i v e n  i n  Reference  3 .  

The g a s - s i d e  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  was d e r i v e d  from t h e  

Colburn ana logy  f o r  a t u r b u l e n t  boundary l a y e r  o v e r  a f l a t  p l a t e  w i t h  

z e r o  p r e s s u r e  g r a d i e n t .  Laminar s t a r t i n g  l e n g t h  was n o t  c o n s i d e r e d  

because of t h e  v e r y  t u r b u l e n t  f r e e  s t r e a m  c o n d i t i o n s  induced by t h e  

b u r n e r ,  v o r t e x  g e n e r a t o r s ,  and s p r a y b a r .  Thus, t h e  f i n a l  form of  t h e  

e q u a t i o n  f o r  t h e  g a s - s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  , which i s  d e r i v e d  

i n  Appendix A , was : 

W 

where,  

k (Pr)1’3 

T = T  
gf 

( T g f )  = [ 
(PI 

(7)  

The c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  was t h e  common D i t t u s - B o e l t e r  

Equat ion  f o r  t u r b u l e n t  p ipe  f low,  modif ied t o  account  f o r  laminar  s t a r t -  

i n g  l e n g t h  f o r  a sharp-edge e n t r y ,  a s  mentioned i n  Reference  3 (pp 221-226) 

where , 

W 
Tc + T 

- - 
Tc f 2 

r = ~  c f  
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was f o r  t h e  c a s e  of r a d i a t i o n  between Fws , The g r a y  body shape f a c t o r ,  

two p a r a l l e l  p l a t e s  (end e f f e c t s  n e g l e c t e d ) .  This  s i t u a t i o n  was ap- 

proximated i n  t h e  d u c t  b u r n e r  l i n e r  passages .  

1 
l / e w  + l l f  - 1 F =  w s  

U 

The c o o l a n t  tempera ture  r i s e  was computed by w r i t i n g  t h e  f i r s t  law 

o f  thermodynamics f o r  t h e  c o n t r o l  volume shown i n  f i g u r e  I V - 3 .  The 

v i s c o u s  s h e a r  s t ress  a t  t h e  w a l l ,  which gave r i s e  t o  a work term, was 

n e g l e c t e d  because t h e  c o o l a n t  p r e s s u r e  l o s s  was known t o  be s m a l l .  

T h e r e f o r e ,  

Q i +- c l  w - - i c 2  
C 

where , 

= A (  q1 + 2 42 )(A) 

The term ic r e f e r r e d  t o  t h e  e n t h a l p y  per  pound o f  c o o l a n t  and was 

known a t  S t a t i o n  1. 

a t  S t a t i o n  2 was de te rmined .  The c o o l a n t  tempera ture  was t h e n  o b t a i n e d  

from a i r  d a t a ,  T = f ( i  , p ) .  

A f t e r  f o l l o w i n g  an  i t e r a t i v e  procedure ,  t h e  e n t h a l p y  

C C 

Q 

I / 
/ 

Liner Wall I 

o i  wc i C l  

I 

I 

wc i c 2  
I I l o  

~ I 
-AX --I 
1 2 

F i g u r e  I V - 3 .  Coolant  C o n t r o l  Volume Showing FD 13558 
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The h e a t  b a l a n c e  e q u a t i o n  was then  w r i t t e n  as f o l l o w s :  

eW , The fo l lowing  q u a n t i t i e s  were e i t h e r  known o r  r e a d i l y  c a l c u l a b l e :  

a fgY hg’ hc’  ws and T . The c o o l a n t  and l i n e r  w a l l  ene rgy  

e q u a t i o n s ,  (13) and ( 1 6 ) ,  were so lved  s i m u l t a n e o u s l y  t o  y i e l d  t h e  l i n e r  

w a l l  t empera tu re  (T  ) and c o o l a n t  tempera ture  (T  ) .  An IBM 1620 com- 

p u t e r  program was w r i t t e n  t o  perform t h e  r e q u i r e d  computa t ions .  

( c )  P r e l i m i n a r y  C a l c u l a t i o n s  

g s  F Y TgrY g ’  

W C 

Many p r e l i m i n a r y  c a l c u l a t i o n s  were performed b e f o r e  s o l v i n g  e q u a t i o n  

(16) ;  t h e  most impor t an t  were t h e  geometry and c o o l a n t  f low r a t e  c a l -  

c u l a t i o n s .  The geometry e q u a t i o n s  a r e  p re sen ted  i n  Appendix A .  These 

e q u a t i o n s  gave the  c o o l a n t  flow a r e a ,  t h e  h y d r a u l i c  d i a m e t e r ,  t h e  perim- 

e t e r  exposed t o  t h e  h e a t  t r a n s f e r ,  and t h e  g a s - s i d e  f low a r e a .  The f low 

r a t e  was determined by i t e r a t i v e  c a l c u l a t i o n s  us ing  t h e  s t a t i c  p r e s s u r e  

impressed upon t h e  l i n e r  e n t r a n c e  by the  gas  s t r e a m  and s e v e r a l  s p e c i f i e d  

flow r a t e s .  

program t h a t  c a l c u l a t e d  t h e  p r e s s u r e  d rop  i n  a d u c t  under  t h e  i n f l u e n c e  

o f  f r i c t i o n ,  a r e a  change,  and h e a t  t r a n s f e r .  The l i n e r  e x i t  s t a t i c  

p r e s s u r e  and flow r a t e  were then  p l o t t e d ;  t h e  v a l u e  of flow ra te  c o r r e s -  

ponding t o  t h e  impressed e x i t  p r e s s u r e  gave t h e  d e s i r e d  r e s u l t .  The 

fo l lowing  e q u a t i o n s  were used t o  c a l c u l a t e  t h e  s t a t i c  p r e s s u r e  a t  a 

g i v e n  s t a t i o n  and are d e r i v e d  i n  Appendix A: 

The v a l u e s  were processed  through a n  IBM 1620 computer 

pc 2 - - pc 1 + (2) Ax 

- =  dPC m m 
dx 

Equa t ions  (17)  and (18) r e q u i r e d  v a l u e s  f o r  t h e  geometr ic  v a r i a b l e s  

A and D p l u s  a tempera ture  p r o f i l e ,  which were ob ta ined  from t h e  

c o o l a n t  ene rgy  b a l a n c e .  Th i s  involved  two o r  t h r e e  t r i a l - a n d - e r r o r  

c a l c u l a t i o n s .  

C HC 

The procedure  t h a t  was used i n  t h e  p r e s s u r e  l o s s  program 
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s was one o f  a p p l y i n g  e q u a t i o n s  ( 1 7 )  and ( 1 8 )  i n  a s t epwise  manner. 

u r e  IV-4  i l l u s t r a t e s  t h e  l o g i c  used .  
F ig -  

P 

1 2 3  
X 

F i g u r e  IV-4 .  Logic Used i n  Determining FD 13547 
P r e s s u r e  Loss 

A f t e r  c a l c u l a t i o n s  a t  S t a t i o n s  1 and 2 had been performed,  a p r e s s u r e  

g r a d i e n t  was c a l c u l a t e d  and extended t o  S t a t i o n  3 .  A va lue  o f  p r e s s u r e  

( p o i n t  a )  was ob ta ined  and then  processed  through t h e  s e t  of e q u a t i o n s  

u n t i l  a new g r a d i e n t  was c a l c u l a t e d  between S t a t i o n s  2 and 3 .  The new 

g r a d i e n t  t hen  y i e l d e d  a more a c c u r a t e  answer .  The computa t ions  were 

r epea ted  u n t i l  p o i n t  b w a s  approached t o  w i t h i n  a s p e c i f i e d  t o l e r a n c e .  

The procedure was a p p l i e d  t o  a l l  s t a t i o n s .  

The fo l lowing  paragraphs  p r e s e n t  t he  h e a t  t r a n s f e r  c a l c u l a t i o n s  

performed on t h e  o u t e r  d i ame te r  l i n e r  d e s i g n .  With r e f e r e n c e  t o  f i g -  

u r e  I V - 5 ,  a l is t  o f  a l l  known q u a n t i t i e s  a r e  summarized. 

N = 6 0  

1 = 15.85 i n .  

L = 34 i n .  

L = 9.28 i n .  

Di 
D = 67.7 i n .  

t = 0.031 i n .  

6 = 0.439 i n .  

h = 0.77 i n .  

S 

= 4 7 . 7 ,  4 7 . 6 ,  4 6 . 7 5 ,  4 5 . 8 5 ,  44 .85  i n .  

0 

P 

2 
= 0.1552 i n . / c o n v o l u t i o n  A ~ ~ ~ ,  1 

p 

I V - 8  



- - 
ABLK , 2 

- - 
E W  

F =  w s  
- - 

'Total 
P =  

T =  

F/A = 

0 

0 

2 1.150 i n . / c o n v o l u t i o n  

0.72 

0.518 

309 l b / s e c  

34.1 p s i a  

1093"R 

0.050 ( o v e r a l l )  

Pratt & Whitney Aircraft 
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T o t a l  p r e s s u r e  l o s s  from r e f e r e n c e  s e c t i o n  t o  n o z z l e ,  

AP/Po = 0.1417 

Burner i s o t h e r m a l  t o t a l  p r e s s u r e  l o s s ;  

AP/Po = 0.0664 

The d u c t  bu rne r  ave rage  tempera ture  p r o f i l e  ( f i g u r e  IV-6) w a s  gen- 

e r a t e d  i n  t h e  fo l lowing  manner. Three p o i n t s  were known and a r e  shown 

i n  f i g u r e  I V - 7 .  

Complete combustion w a s  assumed t o  occur  w i t h i n  t h e  burner  from 

p o i n t  A t o  p o i n t  B .  The s l i g h t  d e c r e a s e  i n  tempera ture  from p o i n t  B 

t o  p o i n t  C was t h e  r e s u l t  of t h e  quenching e f f e c t  of t h e  Zone-2 f u e l  

s p r a y  and burner  bypass a i r .  The tempera ture  rise cu rve  from p o i n t  C 

t o  p o i n t  D w a s  impor tan t  t o  t h i s  a n a l y s i s .  It was assumed t h a t  t h e  

maximum tempera ture  reached  a t  t h e  n o z z l e  e x i t  p l ane  cor responded t o  a 

f u e l l a i r  r a t i o  of 0.05. The cu rve  connec t ing  p o i n t s  C and D w a s  c a l c u -  

l a t e d  from: 

where 
T = gas  bulk  tempera ture  a t  g e n e r a l  s t a t i o n  

gx 
- - 2620"R 

T = 3890"R 
g l  

L = 60 - 16 = 44 i n .  

Equat ion  (19)  can  be found i n  Reference  2.  To a p p l y  the  r e l a t i o n s h i p ,  

t h e  d u c t  bu rne r  h e a t  r e l e a s e  was.assumed t o  f o l l o w  the  same p h y s i c a l  

p rocesses  a s  an  a f t e r b u r n e r .  

IV-9 
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45.85 44.85 6:1.4(1 

I 
Dia Dia Dia lfia Dia Dia 

I I I 

Section A-A Section B-B 

Figure  IV-5. Duct Burner Dimensions FD 13529 
and Airf low D i s t r i b u t i o n  

F i g u r e  IV-6. Duct Burner Ax ia l  Temperature DF 42359 

LV-10 
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T=2668'R 

F W 

k 

x(in.) 

F i g u r e  I V - 7 .  Known Temperature P o i n t s  FD 22559 

BLK , 1 The a i r f l o w  d i s t r i b u t i o n  i s  shown i n  f i g u r e  I V - 5 .  The symbol A 

r e f e r r e d  t o  t h e  l i n e r  c o o l a n t  f low a r e a  blocked by the f a s t e n e r s  and 

t h e  symbol A 

s t r i p .  A s  mentioned p r e v i o u s l y ,  t h e  p r e s s u r e  d r o p  a c r o s s  the  l i n e r  

passage was caused by t h e  e x t e r n a l  f low.  Once t h e  p r e s s u r e  d rop  was 

t o  t h e  a r e a  blocked by t h e  f a s t e n e r s  p l u s  t h e  f i l l e r  BLK , 2 

c a l c u l a t e d  a long  wi th  t h e  geometry,  t h e  c o o l a n t  a i r f l o w  r a t e  was de t e rmined .  

Tnese c a l c u l a t i o n s  a re  as fo l lows .  

I n  c a l c u l a t i n g  t h e  l i n e r  e n t r a n c e  s t a t i c  p r e s s u r e s  , t he  fo l lowing  

q u a n t i t i e s  were used .  (Refe r  t o  f i g u r e  IV-8.)  

TB = 2668"R 

PB = 34.1 p s i a  - 34.1 (0 .0664)  = 31.84 p s i a  

WB = 98 l b l s e c  

TD = 1093'R 

PD = 34.1 p s i a  

WD = 118.33 lbm/sec  

I V - 1 1  
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* 
I WD 

Tg = 2668 OR 
Pg = 31.84 psia 

WB = 98 lbhec - / 1 
WC 

F i g u r e  I V - 8 .  C a l c u l a t i o n  of  L i n e r  Ent rance  FD 13559B 
S t a t i c  P r e s s u r e  

From t h e  compress ib le  flow t a b l e s ,  t h e  r a t i o  of s t a t i c  p r e s s u r e  t o  

t o t a l  p r e s s u r e  was found a s  a f u n c t i o n  o f  Mach number and compress ib le  

flow f u n c t i o n :  

118.23 4 1 0 9 3  
= 0.265 - 

2 
'D 

*D 'D 0 .785(67.72 - 63.52 ) ( 3 4 . 1 )  

= 0.305 and pD/PD = 0.9375 MD 
The re  f o r e  , 

pD = 0.9375(34.1) = 32 p s i a  

The p r e s s u r e  a t  S t a t i o n  A was assumed t o  be e q u a l  t o  t h e  p r e s s u r e  a t  

S t a t i o n  D, 32 p s i a ,  because t h e  l e n g t h  r e q u i r e d  f o r  mixing between t h e  

two streams w a s  v e r y  s h o r t  and t h e  s t a t i c  p r e s s u r e s  of  bo th  streams v a r y  

by o n l y  0.16 p s i .  

I n  c a l c u l a t i n g  l i n e r  s t a t i c  p r e s s u r e s  a t  t h e  combustion s e c t i o n  e x i t ,  

t h e  f o l l o w i n g  q u a n t i t i e s  were used.  (Refer t o  f i g u r e  IV-9.)  

E x i t  t o t a l  p r e s s u r e  = 34.1 - 34.1  (0.1417) = 29.27 p s i a  

E x i t  t empera ture  = 3820"R 

S p e c i f i c  h e a t  r a t i o  ( Y )  = 1.295 

Air f low r a t e  = 309 lbm/sec  

F u e l / a i r  r a t i o  = 0.05 

E x i t  g a s  a r e a  = 1/4*(Do2 - Di2)  

= 0.785(67.72 - 44.975 2 ) = 2020 i n .  2 

s 

IV-12 
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1 Flow r a t e  (W ) = a i r f l o w  r a t e  x f u e l / a i r  r a t i o  + 1.0  
g 

W 
g 

= 309(1.05) = 324.5 l b  m /sec 

From compress ib l e  flow t a b l e s ,  t h e  r a t i o  of  s t a t i c  p r e s s u r e  t o  t o t a l  

p r e s s u r e  was found as a f u n c t i o n  o f  Mach number a t  t h e  ex i t  and m a s s  

flow f u n c t i o n .  The m a s s  f low f u n c t i o n  was c a l c u l a t e d  from: 

- -- -I_ 44.975 

Exit Plane 
50.0 -1 

-To Zone 1 Fuel Nozzle 

F i g u r e  IV-9. C a l c u l a t i o n  of L ine r  E x i t  
S t a t i c  P r e s s u r e  

FD 13550 

I I 

= 0.386 53.4 
1 .295  x 32.2 

324.5 d 3 8 2 0  
2020(29.27) D =  

M = 0.43  

p/P = 0.888 

p = 0.888(29.27) = 26.0 p s i a  

Using the  numerical  q u a n t i t i e s  t h a t  were summarized p r e v i o u s l y  and 

app ly ing  e q u a t i o n s  (A-22), (A-19) , (A-16) , (A-23) , (A-15), and (A-24), 

t h e  fo l lowing  geometr ic  v a l u e s  were computed: 

Unblocked S e c t i o n  Blocked S e c t i o n  

2 A = 117.4 i n .  

DHc = 0.975 i n .  
C 

1 P  = 216 in* 

IV-13 

2 A = 57.6 i n .  
C 

DHC = 0.478 i n .  

I P  = 216 in. 
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The d u c t  burner  gas  f low area d i s t r i b u t i o n  is p resen ted  i n  f i g u r e  IV-10.. 

Using the geometr ic  v a l u e s  g iven  above and a n  e n t r a n c e  p r e s s u r e  o f  

32 .0  p s i a ,  v a l u e s  o f  W = 10,  1 2 ,  14, and 16 were processed  through 

t h e  p r e s s u r e  d rop  program. The r e s u l t s  a r e  p l o t t e d  i n  f i g u r e  I V - 1 1 .  

For  a c a l c u l a t e d  l i n e r  e x i t  p r e s s u r e  o f  26 .0  p s i a ,  t he  c o o l a n t  a i r f l o w  

was found t o  be 14.95 l b / s e c .  Th i s  r e p r e s e n t e d  4.85% of  the  t o t a l  f a n  

d u c t  a i r f l o w  r a t e .  

C 

The sc rubb ing  g a s  was de f ined  a s  t h a t  l a y e r  o f  g a s  between t h e  

l i n e r  w a l l  and h o t  c o r e  ( f i g u r e  IV-1) .  

s c rubb ing  gas  p r o f i l e  was complex because i t  underwent combust ion a l o n g  

wi th  the  normal mixing p rocess .  FOP d e s i g n  purposes ,  a s c rubb ing  gas  

tempera ture  p r o f i l e  was c a l c u l a t e d .  The assumpt ions  used were cons ide red  

c o n s e r v a t i v e .  

The a n a l y t i c a l  p r e d i c t i o n  o f  t h e  

I t  was assumed t h a t  t h e  sc rubb ing  g a s  approximated the  c a s e  o f  t an -  

g e n t i a l  i n j e c t i o n  i n t o  a t u r b u l e n t  stream. The a i r  bypass ing  the burne r  

can  was mixed wi th  f u e l  a t  t h e  s p r a y b a r .  Turbu len t  mixing o f  t h e  c o l d  

scrubbing  gas  and h o t  mainstream occur red  w i t h  a subsequent  i n c r e a s e  i n  

t h e  scrubbing  g a s  t empera tu re .  A f t e r  a s h o r t  i g n i t i o n  t ime d e l a y ,  

spontaneous i g n i t i o n  o c c u r r e d ,  and t h e  h e a t  r e l e a s e  was g r a d u a l  a s  t he  

gas  flowed a x i a l l y .  I t  was assumed t h a t  t he  sc rubb ing  gas  tempera ture  

r o s e  t o  the  average  mainstream tempera ture  a t  t h e  nozz le  e x i t  p l a n e ,  

and t h a t  a 2 .0  m i l l i s e c o n d  i g n i t i o n  t ime d e l a y  o c c u r r e d .  The Mach number 

ove r  t h e  forward p o r t i o n  o f  t he  l i n e r  was approximate ly  e q u a l  t o  t h a t  

c a l c u l a t e d  a t  S t a t i o n  D from f i g u r e  I V - 8 .  The re fo re :  

M = 0.265 

c = 1608 f t / s e c  ( s o n i c  v e l o c i t y  f o r  a i r  a t  1093"R) 

V = 418.6 f t / s e c  

To o b t a i n  the  a x i a l  p o s i t i o n  a t  which i g n i t i o n  o c c u r s ,  i t  was assumed 

t h a t  the  v e l o c i t y  computed was a n  average  va lue :  

- - - 
L i g n i t i o n  Lfue  1 + ' i gn i t i on  

nozz le  
= 

= 23.63 i n .  ( r e f e r e n c e d  t o  Zone-1 f u e l  nozz le  
13 .63  + 418.6 x 2 .0  x low3 x 12 

o r  1 0  i n c h e s  from t h e  Zone-2 s p r a y b a r )  

I V - 1 4  



F i g u r e  1V-10. Duct Burner G a s  Flow Area 
D i s t r i b u t i o n  
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DF 42452 

F i g u r e  I V - 1 1 .  De te rmina t ion  of L i n e r  Coolant  DF 42360 
Flow Rate 

To o b t a i n  t h e  sc rubb ing  gas tempera ture  i n  t h e  r e g i o n  o f  t u r b u l e n t  

mix ing ,  P&WA a p p l i e d  a f i l m  s l o t  c o r r e l a t i o n .  Unpublished expe r imen ta l  

d a t a  gave f i l m  ave rage  tempera ture  a s  a f u n c t i o n  of t h e  p roduc t  of t h e  

mass v e l o c i t y  r a t i o  and t h e  r a t i o  of d i s t a n c e  t o  s l o t  h e i g h t .  

IV-15 
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T - T  
T gs  - T  O 0 = f($) 

g 

The symbols a re  shown i n  f i g u r e  IV-12 and numer ica l  v a l u e s  fo l low.  

Burner Flow - 
~~ 

(B) 

Scrubbing Gas- ------- - Coolant Flow 
(SI 

Figure  I V - 1 2 .  Equ iva len t  Fi lm S l o t  

WB = 98 l b l s e c  

= 31.84 p s i a  

= 2668"R 

PB 

TB 
2 AB = 1195 i n .  

= 118.23  l b / s e c  
w S  

p s  = 32 p s i a  

T = 1093"R 
S 

c) 

FD 13555A 

2 
GB = 0.082 l b l i n .  s ec  

2 
Gs = 0.376 l b l i n .  sec  

A = 315 in! 
S 

s = 1.88  i n .  

The tempera ture  i n  t h e  t u r b u l e n t  mixing r e g i o n  i s  shown i n  f i g u r e  IV-13. 

A f t e r  spontaneous i g n i t i o n  had occur red ,  t h e  tempera ture  r i s e  w a s  

p r e d i c t e d  u s i n g  f i g u r e  I V - 1 4 .  

upon 3-57 engine  expe r imen ta l  d a t a  and w e r e  used t o  d e s c r i b e  t h e  h e a t  

r e l e a s e ,  which was r a t e - l i m i t e d .  

The d a t a  p re sen ted  i n  t h e  curve  were based 

0 = f (Z)  
T - T  

gs  
T1 - T 

0 

I n  t h i s  i n s t a n c e ,  

T = 1560"R 
0 

T1 = 3890"R 

L = 60-23 = 37 i n .  

IV-16 
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F i g u r e  IV-14. Design Temperature R i s e  Curve DF 42529 

The c a l c u l a t i o n s  f o r  e m i s s i v i t y ,  , and a b s o r p t i v i t y ,  a , followed 
g g 

2 2 t h e  methous of  Reference 3 .  It i s  w e l l  known t h a t  CO and H 0 a r e  t h e  

major components i n  t h e  products  of combustion t h a t  g i v e  r i se  t o  gas  

r a d i a t i o n .  The molar c o n c e n t r a t i o n  of  e a c h  component was o b t a i n e d  w i t h  

t h e  a i d  o f  a n  I B M  7090 combustion program f o r  a n  a i r / J P 5  mixture  a t  

F/A = 0.05. The c o n c e n t r a t i o n s  ( a s  mole f r a c t i o n s )  of  t h e s e  components 

were: 

= 0.0971 
NCO* 

= 0.0922 NH20 

The above mole f r a c t i o n s  were assumed t o  e x i s t  a long  t h e  e n t i r e  combustion 

chamber. An average chamber p r e s s u r e  o f  29.7 p s i a  was used .  Thus, t h e  

p a r t i a l  p r e s s u r e  of eachccomponent was: 

- -  - 2 9 * 7  (0.0971) = 0.196 atm A 

pco2 14.7  

- -  - :::: (0.0922) = 0.1861 atm 
A 

'H20 

I V  - 18 
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The e f f e c t i v e  beam l e n g t h  was approximated by an e x p r e s s i o n  presented  

i n  Reference 4 .  Using t h e  dimensions g iven  i n  f i g u r e  I V - 5 ,  

- =1 
i 

A Volume L = 3.4 Sur face  Area 

= 1.211 f t  

T h e r e f o r e ,  

A A  
L)  = 0.237 f t  atm 

A A  
L)  = 0.225 f t  atm (’H20 

These v a l u e s  f o r  t h e  product  o f  p a r t i a l  p r e s s u r e  and beam l e n g t h  

were used w i t h  the  a x i a l  t empera ture  p r o f i l e  g iven  i n  f i g u r e  IV-6 t o  

c a l c u l a t e  a and e . The r e s u l t i n g  v a l u e s  a r e  p l o t t e d  a s  a f u n c t i o n  o f  

t he  d i s t a n c e  from t h e  Zone-1 f u e l  nozz le  i n  f i g u r e  IV-15. 
g g 

F i g u r e  IV-15. Duct Burner Hot Gas E m i s s i v i t y  DF 42358 
and A b s o r p t i v i t y  

(d) S o l u t i o n  o f  General Equat ions  

Having c a l c u l a t e d  t h e  v a r i o u s  geometr ic  q u a n t i t i e s ,  c o o l a n t  f low 

r a t e ,  e m i s s i v i t i e s ,  a b s o r p t i v i t i e s ,  and t h e  scrubbing  g a s  tempera ture  

p r o f i l e ,  e q u a t i o n  ( 1 3 )  and (16) were s o l v e d .  The c a l c u l a t e d  l i n e r  w a l l  

a x i a l  t empera tu re  p r o f i l e  and c o o l a n t  t empera tu re  r i se  a re  p l o t t e d  i n  

IV-19 
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f i g u r e  I V - 1 6 .  The tempera ture  d i s c o n t i n u i t y  r e p r e s e n t s  an a b r u p t  a r e a  

change because of  t he  ramp. F i g u r e  I V - 1 7  p r e s e n t s  t h e  c o o l a n t  s i d e ,  

gas  s i d e ,  and e f f e c t i v e  r a d i a t i o n  h e a t  t r a n s f e r  c o e t f i c i e n t s .  The 

e f f e c t i v e  r a d i a t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t  w a s  de f ined  as:  

A s  shown i n  f i g u r e  I V - 1 8 ,  t h e  c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  doubled 

whi le  t he  o t h e r s  remained r e l a t i v e l y  c o n s t a n t .  The maximum p r e d i c t e d  

l i n e r  w a l l  t empera ture  w a s  found t o  he 2248"R ( o r  2788°F). The e x i t  

coo lan t  a i r  t empera ture  was c a l c u l a t e d  t o  be 1390"R. 

( e )  Nomenclature 

Symbol 

A 

A~~~ 

cf  

C 

D 

P 

DHC 

Di 

DO 

w s  F 

F /A 

f 

f i  

gC 

Area 

Blocked 

D e s c r i p t i o n  

a r e a  

F r i c t i o n  c o e f f i c i e n t  

S p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  

Mass flow func t ion  

Un i t s  

i n .  

i n .  2 

Btu / lbm "R 

A P  

Hydraul ic  d iameter  i n .  
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F igure  I V - 1 8 .  Acous t ic  Damping Outer  
L ine r  Segment 

FE 63618 

2. Acous t ic  Damper Design 

The o u t e r  c o o l i n g  l i n e r s  were redes igned  d u r i n g  t h e  t e s t  program 

t o  i n c o r p o r a t e  a n  a c o u s t i c  suppres so r  system because of t h e  occurrence  

of combustion i n s t a b i l i t y .  To p l a c e  t h e  a c o u s t i c  suppres so r  i n  t h e  

proximi ty  of t h e  combustion, t h e  forward s e c t i o n  of t h e  l i n e r  was 

des igned  t o  i n c o r p o r a t e  p e r f o r a t i o n s  and tubes ,  a s  shown i n  f i g u r e s  11-15, 

I V - 1 8 ,  and IV-19. This  type  of a c o u s t i c  damper has  proved t o  be h i g h l y  

s u c c e s s f u l  i n  r o c k e t  chamber a p p l i c a t i o n s .  The l i n e r  was t o  a c t  a s  

Helmholtz r e s o n a t o r s  , u s i n g  t h e  p r i n c i p l e  d i scussed  i n  Appendix B .  

curves  i n  f i g u r e  IV-20 show t h e  e s t i m a t e d  a b s o r p t i o n  c o e f f i c i e n t s  a t  

d i f f e r e n t  f r equenc ie s  and a p e r t u r e  v e l o c i t i e s  f o r  t h i s  c o n f i g u r a t i o n .  

The a b s o r p t i o n  c o e f f i c i e n t  w a s  t h e  p r e d i c t e d  pe rcen tage  of  t h e  i n c i d e n t  

p r e s s u r e  wave t h a t  is n o t  r e f l e c t e d  from t h e  l i n e r .  A t  t h e  a n t i c i p a t e d  

a p e r t u r e  v e l o c i t y  o f  300 fps  and a c o u s t i c  f requency  of  200 Hz, an  absorp-  

t i o n  c o e f f i c i e n t  of 0.14 w a s  o b t a i n e d .  

The 

The a f t  s e c t i o n  of t h e  coo l ing  l i n e r  w a s  r edes igned  t o  i n c o r p o r a t e  

c o r r u g a t i o n s  ( f i g u r e  IV-21) t o  a l low t h e  top  o f  t h e  l i n e r  t o  expand more 

than  t h e  s i d e  areas, which were s h i e l d e d  by t h e  t r a c k s ,  c r e a t i n g  thermal  

g r a d i e n t s  d u r i n g  t e s t i n g  a t  h igh  f u e l l a i r  r a t i o s .  A h e a t  t r a n s f e r  

a n a l y s i s ,  s i m i l a r  t o  t h e  one p r e v i o u s l y  conducted on t h e  o r i g i n a l  o u t e r  

l i n e r s ,  showed t h e  maximum s k i n  tempera ture  t o  be 40  degrees  h i g h e r  t han  

t h e  o r i g i n a l  o u t e r  l i n e r  w h i l e  u s i n g  o n l y  2.26% of  t h e  t o t a l  a i r  flow 

r a t e .  The p r e d i c t e d  s k i n  tempera ture  is shown on f i g u r e  IV-22. 
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24 Rows of 7 Standpipes 

Combustion= 
Gases .--.c 
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~-13.5 

Full Scale 

F i g u r e  IV-19. Revised Outer Cool ing 
L ine r  Design 

FD 18094A 

F i g u r e  IV-20. Expected Absorp t ion  C o e f f i c i e n t  DF 55417 
a t  D i f f e r e n t  Frequencies  and 
Aper tu re  Veloc it  ies 

F i g u r e  IV-21. Corrugated  Outer  L i n e r  Segment FE 63615 
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B .  INNER COOLING LINER 

1. Fi lm Cooling 

The f i lm-cooled i n n e r  c o o l i n g  l i n e r  i n c o r p o r a t e d  t h r e e  narrow louvers  

and u t i l i z e d  c o o l i n g  a i r  o b t a i n e d  from t h e  d i f f u s e r  b l e e d .  

f i g u r e  11-17’.) 

annulus  c r e a t e d  by t h e  d u c t  burner  i n n e r  c a s i n g  and the  compressor and 

main burner  o u t e r  c a s i n g s .  I n  t h i s  r i g ,  t h e  b leed  f low merely dumped 

i n t o  t h e  i n t e r n a l  cen terbody volume f o r  s i m p l i c i t y  w i t h  no e f f e c t  on 

performance. Approximately h a l f  o f  t h e  b leed  a i r  r e - e n t e r e d  t h e  com- 

b u s t i o n  a r e a  a t  t h e  extreme upstream p o r t i o n  o f  t h e  i n n e r  c o o l i n g  l i n e r .  

Some of  t h i s  a i r  a ided  i n n e r  l i n e r  c o o l i n g  and some e n t e r e d  t h e  combus- 

t i o n  p r o c e s s .  

(Refer  t o  

I n  an e n g i n e ,  t h e  d i f f u s e r  b l e e d  a i r  would flow i n  an 

2 .  Acous t ic  Damper Design 

Since  t h e  o u t e r  c o o l i n g  damping l i n e r s  were n o t  adequate  i n  e l i m i -  

n a t i n g  combustion i n s t a b i l i t y  and a d d i t i o n a l  volume was a v a i l a b l e  on the  

i n n e r  w a l l ,  i t  was dec ided  t o  b u i l d  a d d i t i o n a l  a b s o r p t i o n  i n t o  t h i s  w a l l .  

This  volume was a l s o  l i m i t e d  and performance d a t a  were n o t  a v a i l a b l e  on 

t h e  c o n f i g u r a t i o n s  t h a t  could  be i n c o r p o r a t e d ,  so t e s t s  were performed a t  

t h e  F l o r i d a  Research and Development Center  t o  opt imize  t h e  d e s i g n .  

fo l lowing  paragraphs p r e s e n t  t h e  r e s u l t s  of t h e  s t u d i e s  and t h e  p r e d i c t e d  

performance of  t h e  i n n e r  a c o u s t i c  damper t h a t  was designed and c o n s t r u c t e d .  

The 

A Helmholtz r e s o n a t o r - t y p e  damper was designed u s i n g  t h e  i n n e r  w a l l  

volume shown i n  f i g u r e  IV-23. 

approximate ly  1 0  i n c h e s  long and 1-118 i n c h e s  deep and extended around 

t h e  i n n e r  c i rcumference  of  t h e  d u c t .  

s i z e ,  number, and d e p t h  o f  h o l e s  t o  b r i n g  t h e  r e s o n a t o r  f requency a s  

n e a r  a s  p o s s i b l e  t o  t h e  450-Hz i n s t a b i l i t y  f requency ( t o  maximize t h e  

o s c i l l a t i n g  f low of  a i r  through t h e  h o l e s )  and t o  provide the  optimum 

r e s i s t a n c e  t o  f low through t h e  h o l e s :  enough t o  absorb  energy  from 

flow o s c i l l a t i n g  i n  t h e  h o l e s ,  b u t  n o t  so much a s  t o  s t o p  t h e  o s c i l l a -  

t i o n s .  Optimum a b s o r p t i o n  o c c u r s  when t h e  product  o f  o s c i l l a t i n g  f low 

r a t e  and r e s i s t a n c e  t o  f low r e a c h e s  a maximum. 

The volume c o n v e n i e n t l y  a v a i l a b l e  was 

I t  was n e c e s s a r y  t o  choose the  b e s t  

IV-28 
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Section A-A 

B ’  LOD Damper 
- m  

F i g u r e  IV-23. Loca t ion  of  Damping L ine r  FD 19352B 

From p r e l i m i n a r y  c a l c u l a t i o n s ,  i t  was found t h a t  an  open h o l e  a r e a  

smal l  enough t o  o b t a i n  the  r i g h t  r e sonan t  f requency  r e s u l t e d  i n  e x c e s s i v e  

r e s i s t a n c e .  Converse ly ,  an  open a r e a  l a r g e  enough t o  provide  optimum 

r e s i s t a n c e  r e s u l t e d  i n  the  r e s o n a n t  f requency be ing  too  h i g h .  The r e s o -  

n a n t  f requency depends upon the  i n e r t i a  of  t he  a i r  i n  t h e  h o l e s  and t h e  

volume of t he  chamber. The i n e r t i a  i s  inc reased  and t h e  f requency  i s  

decreased  a s  the  r a t i o  o f  ho le  e f f e c t i v e  l e n g t h  t o  hole  c r o s s - s e c t i o n a l  

a r e a  per  u n i t  chamber volume i s  i n c r e a s e d .  To lower the  r e sonan t  f requency 

w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  r e s i s t a n c e ,  deep h o l e s  were d e s i r e d .  

Tubes ( s t a n d p i p e s )  connected t o  t h e  ho le s  i n  t h e  w a l l  were extended 

u n t i l  they  approached t h e  r e a r  w a l l  o f  t h e  volume. I n  some p rev ious  

cases, it had been found t h a t  l o c a t i n g  t h e  end of such  a tube  n e a r  a 

w a l l  s u b s t a n t i a l l y  inc reased  t h e  e f f e c t i v e  l e n g t h ,  p robably  because 

of t h e  v e l o c i t y  i n  t h e  r a d i a l  p o r t i o n  of t h e  flow nex t  t o  t h e  w a l l .  

Thus, t h i s  tube  l o c a t i o n  n e a r  t h e  w a l l  n o t  o n l y  provided t h e  maxi- 

mum a c t u a l  tube  l e n g t h  b u t  w a s  expec ted  t o  p rov ide  t h e  maximum e f f e c -  

t i v e  l e n g t h  a s  w e l l .  Large tubes  were u s e d ,  p r i m a r i l y  because the  use  

of  fewer l a r g e  tubes  (96)  r a t h e r  t han  thousands o f  sma l l  tubes  s i m p l i f i e d  

c o n s t r u c t i o n .  Also ,  l a r g e  tubes  have a somewhat l onge r  e f f e c t i v e  l e n g t h  

t h a n  sma l l  t ubes  of  t h e  same a c t u a l  l e n g t h  and t h e  maximum e f f e c t i v e  

l e n g t h  was d e s i r e d .  

t u b e s ,  a s  shown i n  f i g u r e  IV-24, which provide a longe r  e f f e c t i v e  l e n g t h  

C o n s i d e r a t i o n  was a l s o  g iven  t o  u s e  of  c o n c e n t r i c  
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b u t  a t  t h e  expense of h i g h e r  r e s i s t a n c e ;  however, t h e  c o n c e n t r i c  t u b e  

d e s i g n  y i e l d e d  v e r y  s m a l l  v a l u e s  of a b s o r p t i o n  c o e f f i c i e n t .  

F i g u r e  IV-24. Concen t r i c  Tube Damper FD 20594 

Before choos ing  t h e  h o l e  d i ame te r  o r  percentage  open a r e a ,  t e s t s  were 

conducted us ing  s imula t ed  c a v i t i e s  a t  s e v e r a l  ampl i tudes  and two f r e -  

quenc ie s .  The r e s u l t s  of t h e s e  t e s t s  were used t o  o b t a i n  t h e  e f f e c t i v e  

l e n g t h  and r e s i s t a n c e  of  t h e s e  p a r t i c u l a r  c o n f i g u r a t i o n s ,  so t h a t  a n  

optimum d e s i g n  could  be c a l c u l a t e d .  I n  a d d i t i o n ,  a c t u a l  a b s o r p t i o n  

c o e f f i c i e n t s  were measured and used a s  a check on t h e  c a l c u l a t e d  p re -  

d i c  t ed  a b s o r p t i o n  s 

The r i g  i n n e r  w a l l  damper was t h e r e f o r e  d e s i g n e d ,  based on the  ana-  

l y t i c a l  and t e s t  r e s u l t s  o b t a i n e d ,  t o  provide  a r e s o n a n t  f requency  c l o s e  

t o  the  observed 450 Hz r i g  f requency  and t o  have good a b s o r p t i o n  c h a r -  

a c t e r i s t i c s  ove r  a wide band o f  f r e q u e n c i e s  n e a r  t h e  resonance p o i n t .  

The f i n a l  d e s i g n  of t he  r i g  i n n e r  w a l l  damper i s  shown i n  f i g u r e  IV-25. 

I t  con ta ined  e i g h t  1 - inch  d i ame te r  t ubes  i n  each  30-degree s e c t i o n  o f  

t he  volume. The damper was d iv ided  i n t o  12 s e p a r a t e  volumes by i n s e r t i n g  

d i v i d i n g  w a l l s  e v e r y  30 d e g r e e s .  Th i s  was done t o  p reven t  c r o s s f l o w ,  

which might have occur red  w i t h i n  t h e  damper. The open a r e a  was 5.23% 

o f  t h e  damper f a c e  a r e a .  The computed a b s o r p t i o n  c h a r a c t e r i s t i c s  a r e  

shown i n  f i g u r e  IV-26. Although the p r e d i c t e d  r e s o n a n t  f requency  was 

540 Hz, peak a b s o r p t i o n  f e l l  a t  about  400 Hz a t  h i g h  sound ampl i tude  and 

450 Hz a t  i n t e r m e d i a t e  ampl i tudes .  The p r e d i c t e d  a b s o r p t i o n  c o e f f i c i e n t  

a t  450 Hz v a r i e d  from approx ima te ly  0 . 3  a t  h i g h  ampl i tudes  t o  approx i -  

mate ly  0.7 a t  v e r y  low a m p l i t u d e s .  These were about  t he  d e s i r e d  v a l u e s .  

The p r e d i c t e d  c h a r a c t e r i s t i c s  t h a t  would have been ob ta ined  w i t h  a reduced 

number of h o l e s  are  shown i n  f i g u r e s  IV-27 through IV-29. 
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The p reced ing  d e s i g n  and computed performance were o b t a i n e d  from 

a computer 

supplemented w i t h  t es t  d a t a .  

program based on t h e  i d e a l  Helmholtz r e s o n a t o r  t h e o r y  

Details are  p r e s e n t p z  i n  Appendix B. 

44.405 in. 9.95 in. t I_- 0.24 in. . + T::' 47.474 in. 

3L 
Section A-A 

F i g u r e  IV-25 I n n e r  Wall Damper Design FD 20598A 

F i g u r e  IV-26. Es t imated  Burner Absorp- DF 55418 
tion C o e f f i c i e n t  f o r  Duct 
Burner Inne r  Wall Damper 
Design a t  Various I n c i d e n t  
Sound P r e s s u r e  Levels  
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F i g u r e  IV-27. Es t imated  Absorp- DF 55419 
t i o n  C o e f f i c i e n t  f o r  Duct 
Burner I n n e r  Wall, Peak-to-  
Peak OPlP = 0.12 

F i g u r e  IV-28. Es t imated  Absorp t ion  DF 55420 
Coe f f i c  i e n t  f o r  Duct Burner 
I n n e r  Wall, Peak-to-Peak 
A P I P  = 0.04 
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F i g u r e  IV-29. Es t imated  Absorp t ion  DF 55421 
C o e f f i c i e n t  f o r  Duct Burner 
I n n e r  Wall, Peak-to-Peak 
A P / P  = 0.008 
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SECTION V 
PERFORMANCE CAL CU LATI ON PROCEDURE 

A .  PERFORMANCE CALCULATION PROCEDURE FOR DUCT BURNER R I G  DATA 

1. Assumptions 

The fo l lowing  g e n e r a l  assumpt ions  w e r e  used i n  t h e  performance c a l c u -  

l a t i o n s  : 

1. The i d e a l  g a s  law (P =PRTs)  a p p l i e d  

2 .  The f l u i d  throughout  the  sys tem was homogeneous and 

S 

compress ib l e  

3 .  A l l  f low p rocesses  were i s e n t r o p i c  and one-dimensional  

4 .  Combustion t o o k  place w i t h  f u e l  and d r y  a i r .  The 

p roduc t s  o f  combustion were mixed i d e a l l y  w i t h  water 

vapor  (from t h e  i n l e t  a i r )  a t  t h e  combustion t e m -  

pera t u r e  . (See f i g u r e  V- 1. ) 

F i g u r e  V - 1 .  Duct  Burner  Combustion Model FD 12875A 

v- 1 
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2. 

t h e  

t h e  

w a s  

I n l e t  Ai r f low 

A sharp-edged o r i f i c e  i n  t h e  f a c i l i t y  i n l e t  d u c t  was used t o  de te rmine  

i n l e t  a i r f l o w .  The e q u a t i o n  f o r  t h e  o r i f i c e  was: 

A s  AP w a s  measured, t h e  o n l y  t e r m  t h a t  had t o  be c a l c u l a t e d  w a s  

d e n s i t y  o f  t h e  air-water vapor mixture .  

d e f i n e d  as : 

The d e n s i t y  o f  t h e  mixture  

- 
P, - Pa + Pw 

S 
P 

( 3 )  

where P i s  t h e  upstream o r i f i c e  p r e s s u r e  and X = W w / W a .  Here, X can 

be taken  t o  be equal  t o  0.004.  
S 

It  was assumed t h a t  t h e  Mach number upstream of  t h e  o r i f i c e  was 

n e g l i g i b l e ,  and t h u s  T = TT. 
S 

3 .  D i f f u s e r  B l e e d  Flow 

The d i f f u s e r  b leed  f low w a s  determined from 

(43 

The measurements made a t  t h e  b leed  l o c a t i o n  were t h e  t o t a l  and 

s t a t i c  p r e s s u r e s .  

Because t h e  b l e e d  p o i n t  w a s  c l o s e  t o  t h e  d i f f u s e r  ex i t  i n s t r u m e n t a t i o n  

s e c t i o n ,  t h e  t o t a l  t e m p e r a t u r e  measured a t  t h a t  l o c a t i o n  w a s  used .  

The s p e c i f i c  h e a t  r a t i o  (7)  f o r  t h e  mixture  of a i r  and w a t e r  vapor  

w a s  de te rmined  i n  t h e  f o l l o w i n g  manner: 

(5)  

v- 2 
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C C 
Pa P W  

va 'a vw 7, 
and C = - c = -  

Combining the  above gave 

w c  + w c  
a Pa w Pw 

Rearranging and s u b s t i t u t i n g  f o r  X 

The Mach number w a s  determined from 

The gas c o n s t a n t  (&) w a s  d e f i n e d  as :  

WaRa + W R w w  R =  m 'a + w 

o r  

X R = -  

v- 3 
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4 .  Duct Reference  Mach Number 

The d u c t  r e f e r e n c e  Mach number w a s  d e f i n e d  as t h e  Mach number o f  t h e  

gases  based on t h e  maximum d u c t  c r o s s - s e c t i o n a l  area ( t h e  area i n  t h e  

d u c t ,  assuming t h a t  t h e  b u r n e r  w a s  removed). The p r o p e r t i e s  o f  t h e  a i r  

were based on t h e  measurements t aken  a t  t h e  bu rne r  i n l e t .  

The a p p l i c a b l e  e q u a t i o n  t o  c a l c u l a t e  t h e  d u c t  r e f e r e n c e  Mach number 

was : 

4-1 

A l l  va lues  were measured e x c e p t  f o r  t h e  gas c o n s t a n t  and t h e  s p e c i f i c  

h e a t  r a t i o ,  which were e v a l u a t e d  i n  t h e  same manner as  p resen ted  i n  

paragraph 3 ( D i f f u s e r  Bleed Flow),  

5 .  Ac tua l  Nozzle Throa t  Temperature 

The a c t u a l  t o t a l  t empera ture  a t  t h e  nozz le  t h r o a t  was determined 

from the  fo l lowing  equa t ion :  

9 
L 

T5 
'mg c 

(15) 

To e v a l u a t e  t h e  gas  c o n s t a n t  and t h e  s p e c i f i c  h e a t  r a t i o ,  a new 

humidi ty  r a t i o  w a s  d e f i n e d .  

Thus : 

and 

Y =  wa 4- W f  

v- 4 
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Note t h a t  A was t h e  n o z z l e  e f f e c t i v e  open area and w a s  de te rmined  t 
by s u b t r a c t i n g  the blockage o f  t h e  n o z z l e  p l u g s  from t h e  t o t a l  n o z z l e  

open a r e a ,  d e f i n e d  by t h e  i n n e r  and o u t e r  n o z z l e  chs ings ,and  m u l t i p l y i n g  

t h i s  d i f f e r e n c e  by t h e  n o z z l e  d i s c h a r g e  c o e f f i c i e n t .  Also ,  an  ad jus tment  

was made f o r  thermal  expansion.  The maximum thermal  growth o f  t h e  ex i t  

n o z z l e  o c c u r r e d  w i t h  Condi t ion  3 of T a b l e  11-1. T h i s  growth caused a n  

approximate 0.36% increase i n  n o z z l e  t h r o a t  area. I f  t h i s  change w a s  n o t  

accounted  f o r ,  t h e  c a l c u l a t e d  combustion e f f i c i e n c y  would be somewhat lower 

(approximately 1%) t h a n  t h e  a c t u a l  combustion e f f i c i e n c y .  

6 .  T h e o r e t i c a l  Throa t  Temperature 

The t h e o r e t i c a l  t o t a l  t empera ture  a t  t h e  n o z z l e  t h r o a t  was determined 

from a t h e o r e t i c a l  performance deck inc luded  i n  t h e  d u c t  burner  computer 

program. This  deck c a l c u l a t e d  a v a l u e  f o r  t h e  tempera ture  j u s t  upstream o f  

t h e  nozz le  t h r o a t  and assumed i s e n t r o p i c  expans ion  through t h e  n o z z l e .  

Thus,  t h e  c a l c u l a t e d  tempera ture  upstream of t h e  n o z z l e  was t h e  same a s  

t h a t  a t  t h e  n o z z l e  t h r o a t .  This  v a l u e  was c o r r e c t e d  f o r  t h e  w a t e r  vapor  

t h a t  was p r e s e n t  i n  t h e  incoming a i r f l o w .  The c o r r e c t i o n  was made a s  

fo l lows:  

From a n  e n t h a l p y  ba lance :  

- 
+ Hc = H  

-t- Ha f Hf - Hw 
i n  i n  W Hout  

Note t h a t  t h e  e n t h a l p y  o f  t h e  water w a s  cons idered  c o n s t a n t ;  t h i s  r e s u l t e d  

from assumption 4 .  The e n t h a l p i e s  used i n  t h e  

e n t h a l p i e s  , which inc luded  t h e  s t a t i c  e n t h a l p y  

a s s o c i a t e d  w i t h  each component. 

Thus : 

= W C  TT + W C  TT 
pw w c p c  c 

r e a r r a n g i n g  (20 ) 

v-5 
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where : 

C was determined from 
Pm 

- xwa 
c = c (“i., ) -I- 

Pm P C  

7 .  Combustion E f f i c i e n c y  

Combustion e f f i c i e n c y  i s  d e f i n e d  h e r e  a s  t h e  a c t u a l  t o t a l  t empera ture  

r i s e  between t h e  burner  i n l e t  and nozz le  t h r o a t  d i v i d e d  by t h e  i d e a l  

( t h e o r e t i c a l )  t empera ture  r i s e .  

I n  t h e  a c t u a l  tempera ture  r i s e ,  t h e  a c t u a l  momentum p r e s s u r e  l o s s  

due t o  combustion w a s  t aken  i n t o  account  because t h e  t o t a l  p r e s s u r e  a t  

t h e  t h r o a t  is  measured. The e f f i c i e n c y  t h u s  d e s c r i b e d ,  however, d i d  

n o t  account  f o r  t h e  h e a t  l o s t  t o  t h e  c o o l i n g  water upstream o f  t h e  

nozz le  t h r o a t  (hea t  l o s t  downstream o f  t h e  n o z z l e  t h r o a t  does  n o t  e n t e r  

i n t o  t h e  e f f i c i e n c y  c a l c u l a t i o n ) .  The h e a t  absorbed  by t h e  c o o l i n g  

water w a s  u n a v a i l a b l e  t o  t h e  combustion gases  f o r  convers ion  i n t o  

k i n e t i c  energy .  The e f f i c i e n c y  t h u s  c a l c u l a t e d  was based on a n  i d e a l  

tempera ture  r i se  t h a t  assumed no h e a t  l o s s .  To o b t a i n  a c c u r a t e  r e s u l t s ,  

t h e  combustion e f f i c i e n c y  was c o r r e c t e d  a s  fo l lows:  

T o t a l  Heat Release = WfmC = 
Qreleased f 

where AH c = h e a t  of  combustion o f  t h e  f u e l  f 

Heat l o s t  t o  t h e  c o o l i n g  water w a s  c a l c u l a t e d  from t h e  c o o l a n t  t e m -  

p e r a t u r e  r ise and c o o l a n t  f low rate .  

Qlos  t (7,) = (7,) -I- 

c o r r e c t e d  u n c o r r e c t e d  Q r e l e a s e d  

8. Burner P r e s s u r e  Loss  

The b u r n e r  p r e s s u r e  loss  w a s  d e f i n e d  as :  

- pT5 x 100 ’T4 

’T4 

V- 6 
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B. NOMENCLATURE 

Symbol 

A 

Aref 
A t  

P 
c 
c 

Pa 

c 
P C  

Pm 
c 

c 
PW 

CV 

cV a 

c 
vm 

W 

'a 

HC 

'f 

Hout  

i n  HW 

k 

M 

Mre f 

'T 

'T4 

'T5 

D e s c r i p t i o n  

Area 

Duct  r e f e r e n c e  area 

E f f e c t i v e  area o f  n o z z l e  t h r o a t  

S p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  

S p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  
f o r  a i r  

S p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  
f o r  d r y  combus t i o n  products  

S p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  
f o r  air-water vapor mixture  

S p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  
f o r  water vapor 

S p e c i f i c  h e a t  a t  c o n s t a n t  volume 

S p e c i f i c  h e a t  a t  c o n s t a n t  volume 
f o r  a i r  

S p e c i f i c  h e a t  a t  c o n s t a n t  volume 
f o r  air-water vapor m i x t u r e  

S p e c i f i c  h e a t  a t  c o n s t a n t  volume 
f o r  water vapor  

Fue 1 /a i r  ra t  i o  

U n i v e r s a l  g r a v i t a t i o n a l  c o n s t a n t  
(32 .17)  

T o t a l  e n t h a l p y  of  d r y  a i r  

T o t a l  e n t h a l p y  of  d r y  combustion 
products  

T o t a l  e n t h a l p y  of  f u e l  

T o t a l  e n t h a l p y  of w e t  combustion 
p rodu c ts 

T o t a l  e n t h a l p y  of  i n l e t  water 

Cons tan t  

Mach number 

Duct r e f e r e n c e  Mach number 

T o t a l  p r e s s u r e  

T o t a l  p r e s s u r e  a t  b u r n e r  i n l e t  

T o t a l  p r e s s u r e  a t  n o z z l e  t h r o a t  

v- 7 

U n i t s  

2 i n .  
2 i n .  
2 i n .  

B t u / l b m  OR 

Btu/lb, OR 

Btu/ lbm O R  

Btu / lbm O R  

Btu / lbm O R  

Btu/ lbm OR 

B t u / l b m  "R 

Dimens i o n l e s s  

l b  m - f t / l b f - s e c  
2 

B t u  / 1 bm 

B t u / l b m  

Btu/ lbm 

B t u  / 1 bm 

B t u  / lbm 

D i m e  n s i o  n 1 e s s 

D i m e  ns  ion  1 e s s 
l b f / i n .  2 

l b f / i n .  2 

l b f  / i n .  2 
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a 

Symbol 

pS 

Q l o s t  

Qre 1 eased  
R 

Ra 

C 
R 

m R 

W 
R 

TT 

TT 

TT 

C 

W 

TT5 

TS 

W 

'a 

'a c w 

'b 

wC 

wf 

Wt 

W 

X 

Y 
AH 

AI? 

W 

f C 

D e s c r i p t i o n  

S t a t i c  p r e s s u r e  

H e a t  l o s t  t o  c o o l i n g  water 

Heat r e l e a s e d  due t o  combustion 

G a s  c o n s t a n t  

Gas c o n s t a n t  f o r  a i r  

Gas c o n s t a n t  f o r  d r y  combustion 
products  

Gas c o n s t a n t  f o r  air-water vapor  
m i x t u r e  

Gas c o n s t a n t  f o r  water vapor  

Tota 1 t empera tu re  

T o t a l  t empera tu re  o f  combustion 
p roduc t s  

T o t a l  t empera tu re  of  water vapor  

T o t a l  t empera ture  a t  nozz le  t h r o a t  

S t a t i c  tempera ture  

Flow rate  

Flow ra te  o f  d r y  a i r  

Flow ra te  o f  air-water vapor 
mix tu re  

Flow rate  o f  d i f f u s e r  b l eed  

Flow rate o f  d r y  combus t i o n  products  

Flow ra te  o f  f u e l  

T o t a l  f low rate  o f  air-water vapor  
and f u e l  

Flow rate o f  water vapor  

Humidity r a t i o  

Humidity r a t i o  i n  b u r n e r  

Heat o f  combustion o f  f u e l  

P r e s s u r e  d r o p  

v- 8 

U n i t s  

l b f / i n .  2 

B t u  / s  ec 

B t u  /se c 

f t - l b f / l b m  OR 

f t - l b f / l b m  OR 

f t - l b f / l b  m OR 

f t - l b f / l b m  OR 

f t - l b f / l b  m O R  

O R  

OR 

" R  

" R  

OR 

lbm/sec  

l b  /sec 

1 bm/ s ec 

m 

1 bm/ s e c 

1 bm/ s ec 

1 bm / s e c 

1 bm/ s e c 

1 bm / s e c 

Dimens ionless  

Dimens i o n l e s s  

Btu/  l bm 

l b f / i n .  2 
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Symbol 

Y a  

Y C  

C 
Ym 

D e s c r i p t i o n  

S p e c i f i c  h e a t  r a t i o  o f  d r y  a i r  

S p e c i f i c  heat  r a t i o  o f  d r y  combustion 
p roduc t s  

S p e c i f i c  h e a t  r a t i o  o f  air-water 
vapor  m i x t u r e  

S p e c i f i c  h e a t  r a t i o  o f  combustion 
p roduc t s  - water vapor  mix tu re  

S p e c i f i c  h e a t  r a t i o  of  water vapor  

Combustion e f f i c i e n c y  

D e n s i t y  

D e n s i t y  o f  a i r  

D e n s i t y  o f  air-water vapor  mix tu re  

D e n s i t y  o f  water vapor  

v- 9 

Uni ts  

D i m e  n s  i o  n 1 es s 

Dimens i o n l e s s  

Dimens i o n l e s s  

Dimens i o n l e s s  

Dimens i o n l e s s  

Dimens ionless  

1 bm/ f t 

1 bm/ f t 

l b  / f t 3  

1 bm/ f t 

m 
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SECTION V I  
TEST MODIFICATIONS 
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During the  cour se  o f  t he  t e s t  program, t h e  fo l ldwing  changes o r  modi- 

f i c a t i o n s  ( t a b l e  VI-1) were made t o  t h e  a p p a r a t u s  t o  do t h e  fo l lowing :  

1. Reduce i n l e t  n o i s e  and i n l e t  f low p r o f i l e  d i s t o r t i o n  

2 .  Reduce combustion o s c i l l a t i o n  ( S e c t i o n  V I I I )  

3 .  Improve combustion e f f i c i e n c y  ( S e c t i o n  VI I )  

4 .  Improve d u r a b i l i t y  of t e s t  appa ra tus  ( S e c t i o n  VI I )  

( S e c t i o n  V I I I )  

These m o d i f i c a t i o n s  were n o t  n e c e s s a r i l y  permanent,  and a d e t a i l e d  , 
c h r o n o l o g i c a l  d i s c u s s i o n  of  a l l  t e s t i n g  and m o d i f i c a t i o n s  i s  g i v e n  i n  

Appendix D .  

Table  VI-1. T e s t  M o d i f i c a t i o n s  

A .  F a c i l i t y ,  D i f f u s e r  and Centerbody 

M o d i f i c a t i o n  Reason 

I n s t a l l a t i o n  of a p e r f o r a t e d  To reduce i n l e t  p r e s s u r e  
c y l i n d e r  a t  plenum i n l e t  

I n s  t a l l a t  i o n  of a c o u s t i c  
s u p p r e s s i n g  boxes i n  t h e  
plenum i n l e t  

I n c r e a s e d  the  f low d i s -  
t r i b u t i o n  p l a t e  flow a r e a  

Removed t h e  flow d i s -  
t r i b u t i o n  p l a t e  

I n s t a l l a t i o n  o f  r a d i a l  
vanes  i n  the  d i f f u s e r  

I n s t a l l a t i o n  of  a 3-mesh 
i n l e t  s c r e e n  

I n s t a l l a t i o n  and modi f i -  
c a t i o n  of  a 4-mesh i n l e t  
s c r e e n  

f l u c t u a t i o n s  

To reduce  i n l e t  n o i s e  

To reduce i n l e t  n o i s e  

To improve i n l e t  f low 
p r o f i l e  

To reduce t h e  f a c i l i t y /  
r i g  i n t e r f a c e  e f f e c t  on 
combustion i n s t a b i l i t y  

To reduce t h e  f a c i l i t y /  
r i g  i n t e r f a c e  e f f e c t  on 
combustion i n s t a b i l i t y  

To reduce  the  f a c i l i t y /  
r i g  i n t e r f a c e  e f f e c t  on 
combustion i n s t a b i l i t y  

E f f e c t  

S u b s t a n t i a l  improve- 
ment 

Boxes f a i l e d  
s t r u c t u r a l  l y  

Minor r e d u c t i o n  i n  
n o i s e ;  i n l e t  f low 
p r o f i l e  a d v e r s e l y  
a f f e c t e d  

S u b s t a n t i a l l y  r e -  
duced mechanical  
v i b r a t i o n s  and i m -  
proved i n l e t  f low 
p r o f i l e .  

E f f e c t i v e  ( a t  60-deg 
a n g l e )  i n  e l i m i n a t i n g  
combustion i n s t a b i l i t y  
i n  some c a s e s  

None 

Minor e f f e c t  

V I - 1  
P OT 
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Table  VI-1. T e s t  M o d i f i c a t i o n s  (Continued) 

Mod i f i c  a t i o n  

I n s t a l l a t i o n  of  a c e n t e r -  
body damping p l a t e  

D i f f u s e r  b l e e d  s t a t i c  
p r e s s u r e  rise e l i m i n a t e d  

I n s t a l l a t i o n  of r a d i a l  
f i n s  i n  t h e  centerbody 

Blockage of d i f f u s e r  b l e e d  
and opening t h e  i n l e t  nose 

P 

Reason Effec t  

To e l i m i n a t e  p o s s i b l e  None d e t e c t e d  
l o n g i t u d i n a l  o s c i l l a -  
t i o n s  i n  t h e  centerbody 

To e l i m i n a t e  p o s s i b l e  None d e t e c t e d  
o s c i l l a t i o n  d r i v i n g  
f o r c e  through t h e  b l e e d  
a r e a  

To e l i m i n a t e  p o s s i b l e  None d e t e c t e d  
t r a n s v e r s e  o s c i l l a t i o n s  
i n  t h e  centerbody 

To de termine  i f  d i f f u s e r  D i f f u s e r  b l e e d  n o t  
b l e e d  c o n t r i b u t e d  t o  i nvo l v  ed 
o s c i  l l a  t i o n s  

I 
I 

* I  B .  Burner and Cooling L i n e r  Changes 

Mod i f  i c a  t i o n  

I n c r e a s e d  t h e  c o o l i n g  a i r  
t o  t h e  f i r e w a l l  w h i l e  
f a b r i c a t i n g  a replacement  
burner  f o r  t h e  f a i l e d  one 

Trimmed t h e  N o .  2 scoops 

Relocated t h e  pr imary l i n e r  
s u p p o r t  t a b s  

Removed t h e  t r a i l i n g  edge 
of t h e  No. 3 scoop 

I n c r e a s e d  c o o l i n g  a i r  t o  
t h e  I D  v o r t e x  g e n e r a t o r  

I n s t a l l e d  blockage p l a t e s  
i n  t h e  annulus  sur rounding  
t h e  I D  and OD of  t h e  
burner  

Removed t h e  v o r t e x  
g e n e r a t o r s  

Reason 

To c o o l  t h e  f i r e w a l l  

To p r e v e n t  b u r n i n g  

To a l l o w  i n c r e a s e d  
a x i a l  c l e a r a n c e  f o r  
thermal  growth 

To prevent  thermal  
c r a c k i n g  

Cool t r a i l i n g  edge 

To i n c r e a s e  AP through 
t h e  burner  t o  check 
f a c i l i t y  r i g  i n t e r f a c e  
e f f e c t  on combustion 
i n s t a b i l i t y  

To e l i m i n a t e  combustion 
i n s t a b i l i t y  

VI -2 

E f f e c t  

S a t i s f a c t o r y ,  no 
e f f e c t  on burner  
performance 

S u c c e s s f u l  

No f u r t h e r  i n t e r -  
f e r e n c e s  d e t e c t e d  

S u c c e s s f u l  

S u c c e s s f u l ,  no 
e f f e c t  on  b u r n e r  
performance 

N e g l i g i b l e  e f f e c t  

S u c c e s s f u l  a t  30-psia  
t e s t s  b u t  combus t i o n  
e f f i c i e n c y  d e c r e a s e d ;  
i n e f f e c t i v e  a t  o t h e r  
t e s t  c o n d i t i o n s  
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Table  VI-1. T e s t  M o d i f i c a t i o n s  (Continued)  

Mod i f  i c a  t i o n  

I n s t a l l e d  newly designed 
t u r b u l a t o r s  a t  l o c a t i o n  
v o r t e x  g e n e r a t o r s  had 
occupied 

Removed e v e r y  o t h e r  
t u r b u l a  t o r  

C i r c u m f e r e n t i a l l y  re indexed  
t h e  o u t e r  secondary l i n e r  
assembly,  o u t e r  Zone-2 
s p r a y b a r s ,  and v o r t e x  
gene r a t  o r  s 

Redesigned and f a b r i c a t e d  
t h e  o u t e r  c o o l i n g  l i n e r s  
t o  i n c o r p o r a t e  a c o u s t i c  
damping 

Redesigned and modified 
t h e  i n n e r  c o o l i n g  l i n e r  
t o  i n c o r p o r a t e  a c o u s t i c  
damping 

C .  F u e l  I n j e c t o r  Changes 

M o d i f i c a t i o n  

S t r u c t u r a l l y  modif ied 
t h e  Zone-1 f u e l  n o z z l e s  

F a b r i c a t e d  and i n s t a l l e d  
4 a d d i t i o n a l  Zone-2 I D  
s pra  yba r s u p p o r t s  

Res t r i c t ed  flow t o  e v e r y  
o t h e r  Zone-1 f u e l  nozz le  

R e s t r i c t e d  flow t o  t h e  
Zone-2 I D  s p r a y b a r s  

Circumf e r e n t  i a  1 l y  un- 
b a l a n c e d  t h e  f low t o  t h e  
Zone-2 OD s p r a y b a r s  

Reason 

To i n c r e a s e  combustion 
e f f i c i e n c y  a t  30-psia 
t e s t  c o n d i t i o n s  

To e l i m i n a t e  combustion 
i n s t a b i l i t y  

To e l i m i n a t e  combustion 
i n s  t a b i l i t y  

To e l i m i n a t e  combustion 
i n s t a b i l i t y  

To e l i m i n a t e  combust i o n  
i n s  t a  b i l i  t y  

Reason 

To e l i m i n a t e  c r a c k i n g  
i n  t h e  secondary 
s upp l y  tub  e 

To e l i m i n a t e  bowing o f  
s p r a y b a r  

To e l i m i n a t e  combustion 
i n s  t a b i l i  t y  

To reduce combustion 
i n s  t a b  i 1 i t  y 

To reduce combust i o n  
i n s  t a b  il i t y  

V I - 3  

E f f e c t  

S uc ce s s f u 1 when com- 
pared t o  geometry w i t h  
v o r t e x  g e n e r a t o r  re- 
moved, b u t  i n s t a b i l i t y  
o c c u r r e d .  

S l i g h t  improve- 
ment 

None 

None 

Minor s u p p r e s s i o n  o f  
450 Hz i n s t a b i l i t y  

E f f e c t  

No f u r t h e r  c r a c k i n g  
d e t e c t e d  

S u c c e s s f u l  

I n c r e a s e d  t h e  s t a b l e  
combustion range 

No e f f e c t  on i n s t a -  
b i l i t y ,  a l t h o u g h  
combustion e f f i c i e n c y  
was reduced 

None 
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SECTION V I 1  
PERFORMANCE AND DURABILITY DISCUSSION 

A .  EXIT NOZZLE CALIBRATION 

It was necessa ry  t h a t  t h e  r i g  e x i t  nozz le  d i s c h a r g e  c o e f f i c i e n t  be  

known w i t h  accu racy  because  t h e  b u r n e r  e x i t  t o t a l  t empera tu re ,  and t h e r e -  

f o r e  combust ion e f f i c i e n c y ,  was c a l c u l a t e d  from t h e  choked f low parameter  

from t h i s  nozz le  a r e a .  F i g u r e  V I I - 1  shows t h e  v a r i a t i o n  of c o l d  f low 

c a l i b r a t i o n  e x i t  n o z z l e  d i s c h a r g e  f low c o e f f i c i e n t  (based on t h e  f a c i l i t y  

o r i f i c e  a i r f l o w )  w i t h  t h e  nozz le  p r e s s u r e  r a t i o  P s5/PT5 a t  t h e  nozz le  

minimum area w i t h  a n  i n l e t  t empera ture  o f  approx ima te ly  100°F. 

f low c o e f f i c i e n t  v a r i e s  7%, from 1.01 t o  0 .94,  which i s  e x c e s s i v e  and t o o  

l a r g e  a v a r i a t i o n  t o  be e n t i r e l y  due  t o  i n s t r u m e n t a t i o n  e r r o r .  It w a s  

determined t h a t  m o i s t u r e  i n  t h e  a i r  t h a t  vapor ized  between t h e  o r i f i c e  

and t h e  nozz le  could  accoun t  f o r  t h i s  v a r i a t i o n  and would a l s o  cause  a 

d r o p  i n  a i r  t empera tu re ;  t h i s  w a s  observed d u r i n g  tes ts .  

The choked 

F i g u r e  V I I - 1 .  Ex i t  Nozzle Di scha rge  C o e f f i c i e n t :  DF 58514 
Cold C a l i b r a t i o n  

V I I -  1 

P 
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This  e f f e c t  w a s  e l i m i n a t e d  when t h e  600°F hea ted  i n l e t  c o l d  f lows 

were performed , as shown i n  f i g u r e  V I I - 1 .  A d i s c h a r g e  c o e f f i c i e n t  o f  

0.985 w a s  determined from t h e  hea ted  i n l e t  t es t  and :sed i n  r e d u c t i o n  o f  

d a t a  from t h e  combustion tes ts .  

S t a t i c  p r e s s u r e s ,  f i g u r e  11-26 and 11-27, w e r e  measured i n  a n  ax ia l  

d i r e c t i o n  on t h e  exi t  n o z z l e  OD w a l l  from t h e  minimum area p lane .  These 

s t a t i c  p r e s s u r e s  w e r e  used t o  i n d i c a t e  when s u p e r s o n i c  f low occur red  

duwnstream o f  t h e  minimum area,  i n d i c a t i n g  t h a t  t h e  e x i t  n o z z l e  w a s  choked. 

The nozz le  w a s  observed t o  be choked when t h e  r a t i o  P 

0.62.  The minimum P 

i d e a l  one-dimensional  P /P  r a t i o ,  and i s  t h e  r e s u l t  o f  be ing  unab le  

t o  c o r r e c t l y  measure t h e  n o z z l e  t h r o a t  s t a t i c  p r e s s u r e  a n d / o r  n o t  hav ing  

t h e  s t a t i c  t a p s  i n  t h e  p l ane  o f  minimum e f f e c t i v e  area.  However, t h i s  

w a s  of  l i t t l e  consequence because n o z z l e  t h r o a t  s t a t i c  p r e s s u r e  was n o t  

used i n  t h e  d a t a  r e d u c t i o n  s i n c e  a l l  combustion e f f i c i e n c y  r e s u l t s  pre- 

s e n t e d  were c a l c u l a t e d  w i t h  a choked n o z z l e .  

w a s  less than  s 5lpT5 
r a t i o  ob ta ined  i s  somewhat h i g h e r  t han  t h e  s 5IpT5 

s 5  T5 

B. DIFFUSER PERFORMANCE 

The d i f f u s e r  t o t a l  p r e s s u r e  l o s s  w a s  o n l y  36% o f  t h e  a n t i c i p a t e d  

v a l u e ,  as shown i n  f i g u r e  VII-2.  The d i f f u s e r  p r e s s u r e  l o s s  w a s  found t o  

be a f f e c t e d  by t h e  d i f f u s e r  b leed  f low.  The d i f f u s e r  b l eed  f low i n c r e a s e d  

as t h e  bu rne r  f u e l l a i r  r a t i o  w a s  i n c r e a s e d ,  as shown i n  f i g u r e  V I I - 3 .  A s  

t h e  bu rne r  e x i t  t empera tu res  i n c r e a s e d  and t h e  b u r n e r  s t a t i c  p r e s s u r e  

d e c r e a s e d  t h e  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  t h e  d i f f u s e r  b l eed  a r e a  

i n c r e a s e d .  The o r i g i n a l  d i f f u s e r  c o n f i g u r a t i o n  had b l e e d  f lows v a r y i n g  

from 8.5% t o  12% of  t h e  t o t a l  a i r f l o w ,  which was n e a r  t h e  d e s i g n  f low of 

10%. When a c o u s t i c a l  damping was i n c o r p o r a t e d  i n t o  t h e  i n n e r  c o o l i n g  l i n e r ,  

one of  t h e  t h r e e  c o o l i n g  l o u v e r s  was e l i m i n a t e d ,  b e i n g  r e p l a c e d  by t h e  

enc losed  volume f o r  t h e  damping. T h i s  r e s u l t e d  i n  a r e d u c t i o n  o f  d i f f u s e r  

b l eed  f low by approximate ly  2% o f  t h e  t o t a l  a i r f l o w ,  a s  shown i n  f i g -  

u r e  V I I - 3 .  The t o t a l  p r e s s u r e  d r o p  through t h e  d i f f u s e r  i n c r e a s e d  con-  

s i d e r a b l y ,  a s  shown i n  f i g u r e  VII-2.  This  i n c r e a s e  i n  t o t a l  p r e s s u r e  

l o s s  could  n o t  b e  exp la ined  by  an i n c r e a s e  of a i r f l o w  i n  t h e  d i f f u s e r  

V I I -  2 
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downstream of  t h e  b l e e d .  Th i s  was s u b s t a n t i a t e d  w i t h  t e s t  d a t a  which 

showed t h a t  when t h e  b l e e d  was f lowing  a n  e q u a l  amount f o r  t h e  two con- 

f i g u r a t i o n s ,  t h e  d i f f u s e r  t o t a l  p r e s s u r e  loss  was g r e a t e r  w i t h  t h e  i n n e r  

c o o l i n g  l i n e r  t h a t  had dec reased  c o o l i n g  f low.  

V e l o c i t y  p r o f i l e s  were p l o t t e d  f o r  t h e  d i f f u s e r  i n l e t  and e x i t  by 

u s i n g  a n  ave rage  of t h e  r i g  i n s t r u m e n t a t i o n  a t  t h e  d i f f u s e r  i n l e t  and e x i t ,  

and a r e  shown i n  f i g u r e  V I I - 4 .  Fo r  t h e  two c o n f i g u r a t i o n s  under  cons ide ra -  

t i o n ,  no  a p p r e c i a b l e  d i f f e r e n c e  was noted .  The i n l e t  p r o f i l e  was peaked 

toward t h e  I D ,  and t h e  g e n e r a l  shape  o f  t h e  r a d i a l  p r o f i l e  c a r r i e d  through 

t o  t h e  d i f f u s e r  e x i t .  Hence, t h e  r a d i a l  p r o f i l e s  measured gave no i n d i -  

c a t i o n  as t o  t h e  r eason  f o r  the i n c r e a s e  i n  t h e  d i f f u s e r  t o t a l  p r e s s u r e  

d rop .  

Figure,VII-2.  D i f f u s e r  P r e s s u r e  Loss vs 
D i f f u s e r  I n l e t  Mach N o .  

V I I - 3  

DF 58515 



Pratt &Whitney Rircraft 
PWA FR-2542 

F igure  V I I - 3 .  D i f f u s e r  Bleed Ai r f low vs 
Fue l /Ai r  R a t i o  

DF 58516 

F i g u r e  VII-4.  Average R a d i a l  V e l o c i t y  
P r o f i l e s  i n  the  D i f f u s e r  

V I 1  -4 

DF 58517 
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I t  was t h e o r i z e d  t h a t  t h e  a i r f l o w  a l o n g  t h e  I D  w a l l  s e p a r a t e d  a t  t h e  

b l e e d  l i p  when i t  was f lowing o n l y  6.5% of t h e  t o t a l  a i r f l o w  w i t h  no 

combustion o c c u r r i n g ,  and t h i s  r e s u l t e d  i n  t h e  i n c r e a s e d  t o t a l  p r e s s u r e  

drop .  Although t h e  b leed  f low i n c r e a s e d  when t h e  f u e l l a i r  r a t i o  was i n -  

c r e a s e d ,  t h e  f low d i d  n o t  r e a t t a c h  t o  t h e  I D  w a l l  and t h e  d i f f u s e r  t o t a l  

p r e s s u r e  drop remained h i g h .  The i n s t r u m e n t a t i o n  used d i d  n o t  v e r i f y  a 

f low s e p a r a t i o n ,  b u t  t h e  p r e s s u r e  was n o t  recorded  c l o s e r  t h a n  0.57 i n c h  

t o  t h e  I D  w a l l  a t  t h e  d i f f u s e r  e x i t .  

When a 4-mesh s c r e e n  was i n s t a l l e d  upstream of t h e  d i f f u s e r  i n l e t ,  

t h e  i n l e t  r a d i a l  p r o f i l e  peaked toward t h e  OD, a s  shown i n  f i g u r e  V I I - 4 .  

The d i f f u s e r  t o t a l  p r e s s u r e  drop  decreased  ( f i g u r e  V I I - 2 ) ,  showing t h e  

e f f e c t  of t h e  r a d i a l  p r o f i l e .  I t  i s  l i k e l y  t h a t  d e c r e a s i n g  t h e  f low on 

t h e  I D  lessened  t h e  flow s e p a r a t i o n  on t h e  I D  a t  t h e  b l e e d  l i p ,  and improved 

t h e  t o t a l  p r e s s u r e  l o s s .  

C .  COOLING LINERS 

1. Outer  Cool ing L i n e r  

Two c o n f i g u r a t i o n s  of  o u t e r  c o o l i n g  l i n e r s  w e r e  t e s t e d .  

The o r i g i n a l  c o n f i g u r a t i o n  was of one-piece c o n s t r u c t i o n ,  and i s  

shown i n  f i g u r e  11-11. This  l i n e r  w a s  t e s t e d  w i t h  f u e l l a i r  r a t i o s  as 

h i g h  a s  0.040 a t  s i m u l a t e d  c r u i s e  c o n d i t i o n s .  

n o t  t e s t e d  because of  combustion i n s t a b i l i t y .  F i g u r e  VII-5 shows t h e  

metal tempera tures  r e c o r d e d ,  and f i g u r e  VII-6 shows t h e  rate o f  c o o l i n g  

a i r f l o w .  The c o o l i n g  a i r f l o w  exceeded t h e  d e s i g n  f low r a t e  o f  4.85% of 

t h e  t o t a l  a i r f l o w .  The l i n e r s  r i p p l e d  s l i g h t l y  due t o  thermal  d i f f e r e n c e s  

(see f i g u r e  D-7). The p o r t i o n  of t h e  l i n e r  t h a t  was s h i e l d e d  by t h e  

i n s t a l l a t i o n  t r a c k s  were c o o l e r  t h a n  t h e  m e t a l  a t  t h e  maximum h e i g h t  of  

t h e  l i n e r ,  which w a s  t h e  p o r t i o n  c l o s e s t  t o  t h e  combustion area.  The 

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

l i n e r s ,  h a v i n g  accumulated 15 .0  hours  of combustion t e s t  t i m e .  

Higher  f u e l l a i r  r a t i o s  w e r e  

\ 

V I I -  5 
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F i g u r e  V I I - 5 .  O r i g i n a l  Desi’gn Ou te r  L i n e r  
Temperature  vs D i s t a n c e  

DF 50486 

F i g u r e  V I I - 6 .  Ou te r  Cool ing L i n e r  A i r f l o w  Rates 

V I 1  -6 

DF 58518 
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The o u t e r  l i n e r s  were r edes igned  t o  i n c l u d e  a c o u s t i c a l  damping and 

are shown i n  f i g u r e s  11-15 and I V - 1 9 .  The l i n e r s  were f a b r i c a t e d  i n  

2 a x i a l  s e c t i o n s .  The ups t ream s e c t i o n  inco rpora t ed  t h e  a c o u s t i c a l  damping, 

and t h e  downstream s e c t i o n  w a s  changed t o  i n c l u d e  r i p p l e s  i n  t h e  d e s i g n  

because o f  t h e  thermal  g r a d i e n t s .  

F i g u r e  V I I - 7  shows t h e  m e t a l  t empera tures  recorded  on a t y p i c a l  o u t e r  

l i n e r  w h i l e  o p e r a t i n g  a t  s imula t ed  c ru ise-approach  c o n d i t i o n s ,  which pro- 

duces t h e  most s e v e r e  t e s t  c o n d i t i o n s  f o r  t h e  l i n e r s .  The me ta l  tempera-  

t u r e s  were ve ry  c l o s e  t o  t h e  p r e d i c t e d  t empera tu res .  

i n  f i g u r e  VII-6 t h a t  t h e  r a t e  of  c o o l i n g  a i r f l o w  was reduced approximate ly  

50% from t h e  o r i g i n a l  c o n f i g u r a t i o n .  Th i s  i s  because  t h e  c r o s s - s e c t i o n a l  

c o o l i n g  f low a r e a  was reduced by t h e  added r i p p l e s .  The r i p p l e s  a p p a r e n t l y  

i n c r e a s e d  t h e  c o o l i n g  e f f e c t i v e n e s s .  

It should  be  noted  

The l i n e r s  were po l i shed  b e f o r e  t e s t i n g .  The r e s u l t i n g  metal t e m -  

p e r a t u r e  p a t t e r n  confirmed t h e  t empera tu res  recorded  w i t h  thermocouples .  

F i g u r e  V I I - 7 .  Ou te r  L i n e r  Temperature  vs Length DF 58519 
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Pratt & Whitney Flircraft 
PWA FR-2542 

A f i n a l  i n s p e c t i o n  of t h e  o u t e r  l i n e r s  a t  t h e  c o n c l u s i o n  of  t h e  pro-  h 

gram showed them t o  be  i n  e x c e l l e n t  s t r u c t u r a l  c o n d i t i o n .  

warp ing  of any  kind was observed .  

manner, and t h e  complete  s e t  was t e s t e d  f o r  a t o t a l  of  81.2  hours  of com- 

bus t i o n  t i m e .  

N o  c r a c k i n g  o r  

The l i n e r s  performed i n  a n  e x c e l l e n t  

It  appea r s  t h a t  t h e  o r i g i n a l l y  des igned  l i n e r s  would have performed 

s a t i s f a c t o r i l y  f o r  t h e  d u r a t i o n  of  t h e  program; however, r i p p l e s  should 

be  i n c o r p o r a t e d .  

f i t  between t h e  o u t e r  l i n e r s  and t h e  t r a c k s  t h a t  r e t a i n  them. I t  

was found t h a t  assembly and d isassembly  of t h e  l i n e r s  was d i f f i c u l t  when 

d i r t  p a r t i c l e s  from t h e  f a c i l i t y  became imbedded i n  t h e  t r a c k s .  

One o t h e r  sugges ted  change would be  t o  l o o s e n  t h e  

2 .  I n n e r  Cool ing L i n e r  

The i n n e r  c o o l i n g  l i n e r  performed a s  des igned .  F i g u r e  V I I - 8  shows 

t h e  me ta l  t empera tu res  recorded  w i t h  f u e l l a i r  r a t i o s  up t o  0 . 0 4 8 7 ,  w i t h  

a maximum tempera ture  of l ess  t h a n  1100°F. The r a t e  of c o o l i n g  a i r f l o w  

through t h e  t h r e e  l o u v e r s  i s  shown i n  f i g u r e  VI I -9 .  It  i s  obvious from 

t h e  low meta l  t empera tu res  t h a t  the i n n e r  l i n e r  was more t h a n  a d e q u a t e l y  

cooled by the  d i f f u s e r  b l eed  f low.  

F i g u r e  V I I - 8 .  I n n e r  L i n e r  Temperature vs DF 58520 
D i s t a n c e  From Upstream End 
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F i g u r e  VII-9. I n n e r  L i n e r  A i r f low vs 
Fue l /Ai r  R a t i o  

DF 58521 

The i n n e r  l i n e r  accumulated 25.23 hours  of  combustion t e s t  t i m e  when a n  

i n t e r n a l  f u e l  l e a k  occurred  (caused by a f a u l t y  s e a l  i n  t h e  ID manifo ld  of  

t h e  Zone-2 f u e l  system) t h a t  r e s u l t e d  i n  bu rn ing  of t h e  i n n e r  c o o l i n g  

l i n e r ,  a s  shown i n  f i g u r e  VII-10. 

The burned a r e a  was c u t  away and r ep laced  w i t h  a s e c t i o n  i n c o r p o r a t i n g  

a c o u s t i c a l  damping ( f i g u r e  11-18). The me ta l  t empera tu res  recorded  a r e  

shown i n  f i g u r e  VII-11, and a r e  s i m i l a r  t o  t h e  o r i g i n a l  l i n e r  t empera tu res .  

The r a t e  of  c o o l i n g  a i r f l o w  shown i n  f i g u r e  VII-9 was lower t h a n  t h e  

o r i g i n a l  i n n e r  l i n e r  because  one c o o l i n g  l o u v e r  was removed. 

F i n a l  i n s p e c t i o n  of t h e  i n n e r  c o o l i n g  l i n e r  when t h e  program was 

te rmina ted  showed t h e  i n n e r  l i n e r  t o  be  i n  p e r f e c t  s t r u c t u r a l  c o n d i t i o n .  

The i n n e r  l i n e r  accumulated a t o t a l  of 97.2 hour s  of  combust ion t e s t  

t i m e  w i t h  t h e  ups t ream l o u v e r  and pane l  b e i n g  r e p l a c e d  w i t h  a s e c t i o n  

i n c o r p o r a t i n g  a c o u s t i c a l  damping a f t e r  25.23 hours  of  combus t i o n  t e s t  

t i m e .  
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F i g u r e  V I I - 1 0 .  I n n e r  Cool ing L i n e r  FE 6 6 6 1 7  

F i g u r e  V I I - 1 1 .  I n n e r  Cool ing L i n e r  Temperature 
vs Length 

DF 58522 
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D .  DUCT BURNER 

1. D u r a b i l i t y  and Cooling 

The o r i g i n a l  d u c t  b u r n e r  was t e s t e d  f o r  15.0 hours  of combust ion ‘ t e s t ing  

and 84.10 hours  of c o l d  f low when a f a i l u r e  occur red .  Four  of  t h e  twenty 

f i r e w a l l  p a n e l s  became de tached  from t h e  dome assembly ( f i g u r e  VII -12) .  

Two swir le rs  a l s o  f a i l e d ,  a s  shown i n  f i g u r e  V I I - 1 3 .  S i x t e e n  of t h e  l i n e r  

s u p p o r t  t a b s  w e r e  t o r n  o u t  of t h e  pr imary  l i n e r  ( f i g u r e  VII -14) .  Cracking  

a l s o  occurred  a t  t h e  t r a i l i n g  edge of t h e  scoops i n  t h e  secondary  l i n e r ,  

as shown i n  f i g u r e  VII-15. The dome and pr imary l i n e r  assembly w a s  

s c rapped ,  because i t  w a s  imposs ib l e  t o  make a s a t i s f a c t o r y  weld repair .  

The f a i l u r e  o f  t h e  o r i g i n a l  b u r n e r  can be  a t t r i b u t e d  i n  p a r t  t o  sub- 

j e c t i n g  t h e  b u r n e r  t o  t e s t  c o n d i t i o n s  t h a t  were much more s e v e r e  than  t h o s e  

t h a t  an  eng ine  would produce.  

b u l e n t  i n l e t  a i r f l o w  d u r i n g  t h e  e x i t  n o z z l e  co ld  c a l i b r a t i o n .  

t h e  ex i t  n o z z l e ,  t h e  d i f f u s e r  became choked and shocks e x i s t e d  i n  t h e  

d i v e r g e n t  s e c t i o n .  This  s u b j e c t e d  t h e  bu rne r  t o  e x c e s s i v e  v i b r a t i o n s  

w h i l e  a choked d i f f u s e r  c o n d i t i o n  e x i s t e d  f o r  a t o t a l  o f  6 hour s  d u r i n g  

The bu rne r  w a s  s u b j e c t e d  t o  ex t r eme ly  t u r -  

I n  choking 

t h e  co ld  f low c a l i b r a t i o n s .  

F i g u r e  VII-12. Duct Burner  F i r e w a l l  F a i l u r e  FE 62644 
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F i g u r e  V I I - 1 3 .  Duct Burner S w i r l e r  F a i l u r e  FE 62643 

F i g u r e  VII-14. Duct Burner L i n e r  Suppor t  
Tab F a i l u r e  

FE 62642 
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F i g u r e  V I I - 1 5 .  Duct Burner Secondary L i n e r  FD 22561 
F a i l u r e  

A f t e r  s e v e r a l  hours  of combustion t e s t i n g ,  t h e  f i r e w a l l  l i p  began t o  

d i s t o r t  and t h e  c i r c u m f e r e n t i a l  gaps between t h e  f i r e w a l l  segments narrowed 

b e c a u s e  of thermal  s t resses  between t h e  h o t  f i r e w a l l  p a n e l s  and t h e  cooled  

s u p p o r t  s p a c e r s  connec t ing  t h e  segments t o  t h e  b u r n e r  dome. Meta l  d i s c o l o r a -  

t i o n  i n d i c a t e d  t h a t  t h e  f i r e w a l l  t empera tu re  had g r e a t l y  exceeded t h e  

9 0 0 " ~  d e s i g n  p o i n t .  

Due t o  a f a c i l i t y  o p e r a t i o n  e r r o r ,  t h e  bu rne r  w a s  quenched w i t h  

water w h i l e  o p e r a t i n g  w i t h  a 550°F i n l e t .  

The b u r n e r  was a l s o  s u b j e c t e d  t o  extreme v i b r a t i o n s  and p r e s s u r e  pu l sa -  

t i o n s  when combustion i n s t a b i l i t y  occur red .  The r i g  was n o t  a d e q u a t e l y  

in s t rumen ted  i n i t i a l l y ,  and t h e  p o t e n t i a l  damage from i n s t a b i l i t y  was not  

f u l l y  r ecogn ized .  Hence, t h e  b u r n e r  was i n i t i a l l y  weakened d u r i n g  t h e  

c o l d  c a l i b r a t i o n s ,  f u r t h e r  weakened due t o  t h e  f i r e w a l l  ove rhea t ing ,  and 

f i n a l l y  f a i l e d  w h i l e  b e i n g  s u b j e c t e d  t o  severe combustion i n s t a b i l i t y .  

VII-13 
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A new dome and pr imary  l i n e r  assembly was f a b r i c a t e d  w i t h  

f o r  i n c r e a s e d  c o o l i n g  a i r f l o w .  F ive  hundred f i f t y  0.150-inch 

p r o v i s i o n  

d i ame te r  

h o l e s  were d r i l l e d  a l o n g  t h e  f i r e w a l l  I D ,  s i x  hundied f o r t y  0 .150-inch 

d i ame te r  h o l e s  were d r i l l e d  a long  t h e  f i r e w a l l  OD, and e i g h t  hundred e i g h t y  

0.175-inch d i a m e t e r  h o l e s  w e r e  d r i l l e d  around t h e  swir le rs ,  

The downstream s i d e  of  t h e  swi r l e r  ho le s  was covered by a d e f l e c t o r  t h a t  

caused a c o o l i n g  a i r  s c rubb ing  a c t i o n  p r i o r  t o  e n t e r i n g  t h e  bu rne r .  The 

a d d i t i o n a l  f i r e w a l l  c o o l i n g  r e p r e s e n t e d  approximate ly  0.5%, 0.6%, and 0.5% 

of t h e  t o t a l  a i r f l o w  f o r  t h e  I D  h o l e s ,  OD h o l e s ,  and t h e  swi r l e r  h o l e s ,  

r e s p e c t i v e l y .  The f i r e w a l l  w a s  i n s t rumen ted  w i t h  s k i n  thermocouples  i n  

t h e  l o c a t i o n s  shown i n  f i g u r e  VII-17. The metal tempera ture  never  

exceeded a recorded  950°F f o r  t h e  remainder  o f  t h e  program, as shown i n  

f i g u r e  V I I - 1 8 .  

o r  performance.  

( f i g u r e  VII-16) .  

The added c o o l i n g  a i r  had no d e t e c t e d  e f f e c t  on i g n i t i o n  

S l i g h t  burn ing  had been  n o t i c e d  on t h e  No, 2 scoops  on t h e  o r i g i n a l  

b u r n e r .  The scoop t i p  was c u t  a t  a s l i g h t l y  g r e a t e r  a n g l e  ( f i g u r e  VII-19)  

and no f u r t h e r  b u r n i n g  was d e t e c t e d  on t h e  second b u r n e r .  

The second b u r n e r  pr imary  l i n e r s  had t h e  r e a r  suppor t  t a b s  l o c a t e d  

0 .1- inch  f a r t h e r  forward t o  p rov ide  a 0 .20-inch a x i a l  c l e a r a n c e  f o r  thermal  

growth between t h e  pr imary  and secondary l i n e r s .  

S l i g h t  o v e r h e a t i n g  on t h e  downstream s i d e  o f  t h e  I D  v o r t e x  g e n e r a t o r  was 

i n d i c a t e d  by m e t a l  d i s c o l o r a t i o n  and m o d i f i c a t i o n s  were made ( f i g u r e  VII-20) 

when t h e  second b u r n e r  was f a b r i c a t e d .  A d d i t i o n a l  c o o l i n g  a i r f l o w ,  r e p r e -  

s e n t i n g  approximate ly  0.7% of  t h e  t o t a l  a i r f l o w ,  was provided  by c u t t i n g  

s l o t s  i n  t h e  v o r t e x  g e n e r a t o r  end p l a t e .  The m o d i f i c a t i o n  was comple te ly  

s a t i s f a c t o r y  and no f u r t h e r  ove rhea t ing  was d e t e c t e d .  

The d u c t  b u r n e r  secondary  l i n e r s  were weld r e p a i r e d ,  b u t  c r a c k s  con-  

t i n u e d  t o  deve lop  and a f t e r  25.23 hours  of combust ion,  ha l f  of t h e  OD 

secondary scoops were modif ied by c u t t i n g  away t h e  t r a i l i n g  edge t o  r e l i e v e  

t h e  s t ress  c o n c e n t r a t i o n ,  a s  shown i n  f i g u r e  VII-21.  Continued combust ion 

t e s t s  f o r  7 .83  hours  showed t h a t  t h e  modified scoops w e r e  i n  e x c e l l e n t  

c o n d i t i o n ,  w h i l e  some of t h e  nonmodified scoops con t inued  t o  deve lop  c r a c k s .  

The remainder  of t h e  No. 3 OD scoops and a l l  No. 3 I D  scoops were modi- 

f i e d .  N o  f u r t h e r  c r a c k i n g  was d e t e c t e d  d u r i n g  t h e  remainder  of t h e  

program. 
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F i g u r e  VII-16. Modif ied F i r e w a l l  With P rov i s ions  FE 63617 
f o r  A d d i t i o n a l  Cool ing A i r f l o w  
(Looking Downstream) 

F i g u r e  VII-17. Thermocouple I n s t a l l a t i o n  on FE 71986 
t h e  Modif ied  F i r e w a l l  
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F i g u r e  VII-19. Schemat ic  of No. 2 Scoop FD 135918 
M o d i f i c a t i o n  

F i g u r e  VII-20. M o d i f i c a t i o n  t o  I D  Vor tex  
Genera t o r s  

V I I -  1 7  
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F i g u r e  VII-21. No. 3 Scoop T r a i l i n g  Edge 
Mod i f  ica t i o n  

FD 19524 

A t  t h i s  t i m e  a d d i t i o n a l  suppor t s  f o r  t h e  I D  Zone-2 sp rayba r s  were 

i n s t a l l e d  ( f i g u r e  VII -22) .  The I D  sp rayba r s  c o n s i s  tea o f  f o u r  segments ,  

and were e x p e r i e n c i n g  s l i g h t  bowing due to a i r  l o a d i n g .  

F igu re  VII-22.  I D  Spraybar  Suppor ts  

VII- 18 

FD 19525 
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A f t e r  16.77 hours  of combustion t e s t i n g  w i t h  t h e  second b u r n e r ,  

t h e  N o .  36 Zone-1 f u e l  n o z z l e  secondary s u p p l y  t u b e  f a i l e d  and t h i s  

r e s u l t e d  i n  burn ing  o f  t h e  pr imary and secondary  l i n e r s  ( f i g u r e s  VII-23 

and VII-24). The l i n e r s  w e r e  r e p a i r e d  as shown i n  f i g u r e  VII-25. The 

Zone-1 n o z z l e s  were s t r e n g t h e n e d  by adding  s u p p o r t s ,  as shown i n  f i g -  

u r e  VII-26, and no f u r t h e r  Zone-1 f u e l  problems w e r e  encountered .  

The v o r t e x  g e n e r a t o r s  w e r e  e v e n t u a l l y  r e p l a c e d  b y  t u r b u l a t o r s  ( f i g -  

u r e  11-10) in tended  t o  m a i n t a i n  h i g h  combustion e f f i c i e n c y  w h i l e  sup-  

p r e s s i n g  combustion i n s t a b i l i t y .  

F i g u r e  VII-23. Primary OD Burner Panel  
Burned Scoop 

V I I -  1 9  
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F i g u r e  VII-24. Secondary OD Burner Panel  Burned Scoop FE 67934 

F i g u r e  VII-25. Repa i r ed  Primary OD Burner 
Panel  Scoop 
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F i g u r e  VII-26. S t r u c t u r a l  M o d i f i c a t i o n  t o  FD 20604 
Zone-1 Nozzles 

Good s t r u c t u r a l  d u r a b i l i t y  of t h e  f i n a l  ram-induct ion burner  d e s i g n  

w a s  demonstrated as f o l l o w s .  A f i n a l  i n s p e c t i o n  of t h e  d u c t  burner  a t  

t h e  t e r m i n a t i o n  of  t h e  program showed t h a t  t h e  burner  was i n  e x c e l l e n t  

s t r u c t u r a l  c o n d i t i o n .  No burn ing  o r  c r a c k s  were found. The burner  w a s  

cyc led  a t  l eas t  54  t i m e s  ( t h e  number of documented i g n i t i o n s )  w h i l e  

accumula t ing  81.20 h o u r s  o f  combustion t e s t i n g  and 92.66 hours  o f  c o l d  

flow, as shown i n  f i g u r e  VII-27. Furthermore,  t h e  b u r n e r  w a s  s u b j e c t e d  

t o  combustion i n s t a b i l i t y  216 t i m e s ,  w i t h  a n  accumulated t i m e  of approxi -  

mate ly  20 minutes .  The secondary  burner  l i n e r s  endured t h e  e n t i r e  tes t :  

program f o r  

flow , w h i l e  

i n s  t a  b i l  it y 

97.20 h o u r s  of combustion t e s t i n g  and 175.70 hours  o f  c o l d  

t h e  burner  w a s  i g n i t e d  66 t i m e s  and s u b j e c t e d  t o  combustion 

226 t i m e s .  
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F i g u r e  V I I - 2 7 .  Program T e s t  Times DF 58524 

2 .  I g n i t i o n  and Blowout 

The i g n i t i o n  and blowout c h a r a c t e r i s t i c s  of t h e  d u c t  b u r n e r  were 

e x c e l l e n t .  Although no s p e c i f i c  i n s t r u m e n t a t i o n  was employed t o  de t e rmine  

t h e  i g n i t i o n  c h a r a c t e r i s t i c s ,  t h e  b u r n e r  was observed  t o  i g n i t e  a t  t h e  

minimum f u e l  f low l i m i t  of t h e  f u e l  f low t u r b i n e  me te r s ,  which was a f u e l l a i r  

r a t i o  o f  0.0004 a t  t h e  30-ps ia  s imula t ed  c ru i se  t e s t  c o n d i t i o n ,  and a 

f u e l l a i r  r a t i o  of  0.0012 a t  a 10-ps ia  s imula t ed  t r a n s o n i c  c l imb t e s t  condi -  

t i o n .  The i g n i t i o n s  were achieved  w i t h  no n o t i c e a b l e  b u r n e r  e x i t  t o t a l  

p r e s s u r e  change when obse rv ing  t h o s e  parameters on a mercury manometer. 

When i g n i t i o n  w a s  accomplished a t  10 p s i a  employing o n l y  e v e r y  o t h e r  

Zone-1 secondary  f u e l  n o z z l e ,  smooth and i n s t a n t a n e o u s  i g n i t i o n  w a s  

ach ieved  a t  a f u e l l a i r  r a t i o  o f  0 .0037,  which w a s  t h e  lowes t  f u e l l a i r  

r a t i o  t h a t  could be de te rmined .  

Burner blowout w a s  n e v e r  i n c u r r e d  u n l e s s  t e s t i n g  a t  some p o i n t  w i th  

combustion i n s t a b i l i t y  p r e s e n t .  

V I I - 2 2  
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3 .  P r e s s u r e  Loss 

The i so the rma l  p r e s s u r e  l o s s  of t h e  ram-induct ion burner  ( f i g u r e  V I I - 2 8 )  

i n d i c a t e s  t h a t  t h e  d e s i g n  g o a l  w a s  ach ieved .  

f o r  t h e  c o n d i t i o n s  t e s t e d  is l i s t e d  i n  t a b l e  V I I - 1 .  

T o t a l  burner  p r e s s u r e  loss 

4 .  Combus t i o n  E f f i c i e n c y  

One hundred s i x t y - f i v e  t es t  p o i n t s  produced v a l i d  d a t a  from which t h e  

performance of  t h e  duc t  burner  could  be determined.  

l i s t e d  i n  t a b l e  V I I - 1 .  

These t e s t  p o i n t s  a re  

F i g u r e  V I I - 2 8 .  I so the rma l  Burner P r e s s u r e  Loss DF 58541 
(Percent  Burner I n l e t  P r e s s u r e )  
vs Duct Reference  Mach N o .  

V I I - 2 3  
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F i g u r e  VII-29 shows t h e  performance obta ined  w i t h  t h e  o r i g i n a l  b u r n e r  

d e s i g n  a t  s imula ted  c r u i s e  c o n d i t i o n s .  This  b u r n e r  gave combustion e f f i c i e n c y  

v a l u e s  of 92.5% t o  95% i n  t h e  0.016-0.020 f u e l l a i r  r a t i o  r a n g e ,  and exceeded 

95% combustion e f f i c i e n c y  i n  t h e  0.036-0.041 f u e l l a i r  r a t i o  r a n g e .  The 

b u r n e r  exper ienced  combustion i n s t a b i l i t y  and was n o t  t e s t e d  w i t h  f u e l l a i r  

r a t i o s  g r e a t e r  t h a n  0.041. I t  was noted t h a t  t h e  occurrence  of  combustion 

i n s t a b i l i t y  had l i t t l e  e f f e c t  on t h e  combustion e f f i c i e n c y ,  probably  because 

t h e  combustion e f f i c i e n c y  leve l  was a l r e a d y  h i g h .  The h i g h e r  o v e r a l l  

f u e l l a i r  r a t i o  p o i n t s  were t e s t e d  w i t h  t h e  Zone-1 f u e l l a i r  r a t i o  i n  t h e  

0.020 range .  This  was t h e  d e s i g n  p o i n t  f o r  t h e  Zone-1 f u e l l a i r  r a t i o .  

The d e t r i m e n t a l  e f f e c t  o f  reducing  t h e  Zone-1 f u e l / a i r  r a t i o  i s  shown by 

t h e  82% combustion e f f i c i e n c y  o b t a i n e d  w i t h  a Zone-1 f u e l l a i r  r a t i o  o f  

0,010. 

F i g u r e  VII-29. Combustion E f f i c i e n c y  vs 
F u e l / A i r  R a t i o  

DF 58525 

F i g u r e  VII-30 i l l u s t r a t e s  how t h e  mixing process  downstream of  t h e  

burner  reduces  t h e  c o r e  tempera ture  f o r  t h e  n e a r l y  s t o i c h i o m e t r i c  com- 

b u s t i o n  gases  d i s c h a r g e d  from t h e  Zone-1 r e g i o n  o f  burn ing .  A n a l y s i s  

o f  t h e  p r o f i l e  i n d i c a t e d  t h a t  had t h e  p r o f i l e  been f l a t ,  t h e  combustion 

e f f i c i e n c y  as d e f i n e d  i n  S e c t i o n  V would have been s e v e r a l  p e r c e n t  h i g h e r  

t h a n  t h e  v a l u e  of  94% p r e s e n t e d  i n  t a b l e  VII-1. 

VII-30 
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F i g u r e  VII-30. Traversed  Burner E x i t  Temperature 
P r o f i l e  a t  C r u i s e  Condi t ions  

DF 61116 

A N O .  2 scoop was s l i g h t l y  burned when a Zone-1 f u e l l a i r  r a t i o  of  0.029 

was t e s t e d ;  subsequent  t e s t s  o f  l o n g  d u r a t i o n  were r e s t r i c t e d  t o  a Zone-1 

f u e l l a i r  r a t i o  of less  t h a n  0 .025 .  

t h e  bu rn ing  cou ld  b e  a t t r i b u t e d  t o  t h e  combus t i o n  i n s t a b i l i t y  i n c u r r e d  

d u r i n g  t h e  t e s t ,  and l a t e r  t e s t s  were s u c c e s s f u l l y  conducted w i t h  Zone-1 

f u e l l a i r  r a t i o s  a s  h igh  a s  0.036. 

It  was found l a t e r  i n  t h e  program t h a t  

The v o r t e x  g e n e r a t o r s  were removed and t h e  ensuing combustion 

e f f i c i e n c i e s  a r e  shown i n  f i g u r e s  VII-31 through VII-34. F i g u r e  VII-31 

shows t h a t  t h e  combustion e f f i c i e n c y  w a s  less t h a n  90% u n t i l  a f u e l l a i r  

r a t i o  o f  0.036 w a s  r eached .  This i n d i c a t e d  t h a t  some t y p e  o f  mixing 

d e v i c e s  w e r e  r e q u i r e d  t o  mix the  burner  bypass a i r  w i t h  t h e  main combustion 

VII-31 
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2. 

mix tu re  i n  t h e  Zone-2 r e g i o n .  

a r e s u l t  o f  a c t u a l  l o s s  i n  chemical  e f f i c i e n c y ,  a p r o f i l e  e f f i c i e n c y  l o s s ,  

o r  more l i k e l y  a combinat ion o f  b o t h .  Combustion e f f i c i e n c i e s  h i g h e r  t han  

95% w e r e  ob ta ined  w i t h  a f u e l l a i r  r a t i o  g r e a t e r  t h a n  0.040.  

probably  caused by i n c r e a s e d  mixing due  t o  t h e  a d d i t i o n a l  bu rn ing  o f  

t h e  Zone-2 mix tu re  and a l s o  a f l a t t e n i n g  o f  t h e  b u r n e r  e x i t  t empera tu re  

p r o f i l e .  

The lowered combustion e f f i c i e n c y  could  be  
' 

This  w a s  

F i g u r e  VII-32 shows t h e  bu rne r  performance w a s  n o t  a f f e c t e d  by 

reducing  t h e  bu rne r  i n l e t  p r e s s u r e  t o  24 p s i a  ( t h e  d a t a  w e r e  ob ta ined  

when f a c i l i t y  l i m i t a t i o n s  would no t  a l l o w  a t e s t  a t  t h e  d e s i r e d  30-ps ia  

l e v e l ) .  

Performance w i t h  t h e  v o r t e x  g e n e r a t o r s  removed a t  s imula t ed  t r a n s o n i c  

c l imb tes t  c o n d i t i o n s  a t  15 and 10 p s i a  a r e  shown i n  f i g u r e s  V I I - 3 3  and 

VII-34, r e s p e c t i v e l y .  

though the h i g h e r  e f f i c i e n c i e s  shown i n  f i g u r e  VII-33 were g e n e r a l l y  those  w i t h  

h i g h e r  Zone-1 f u e l l a i r  r a t i o s .  

u r e  VII -34) ,  t h e r e  was a c l e a r  i n d i c a t i o n  t h a t  t h e  Zone-1 f u e l l a i r  r a t i o  

s h o u l d  be a t  l e a s t  a s  h igh  a s  0 .020.  

i n l e t  p r e s s u r e s ,  combust ion i n s t a b i l i t y  occurred  when t h e  Zone-1 f u e l l a i r  

r a t i o  reached approximate ly  0.015 and 0.019, r e s p e c t i v e l y .  

t o  i n c r e a s e  t h e  Zone-1 o p e r a t i o n  range  by  u t i l i z i n g  only  eve ry  o t h e r  

Zone-1 f u e l  nozz le .  

L i t t l e  e f f e c t  was seen  due t o  f u e l  zone s p l i t s ,  a l -  

A t  10 -ps i a  i n l e t  p r e s s u r e  c o n d i t i o n s  ( f i g -  

While t e s t i n g  a t  10-  and 15 -ps i a  

It was p o s s i b l e  

F i g u r e  V I I - 3 1 .  Combustion E f f i c i e n c y  a t  Simulated 
C r u i s e  Condi t ions  With Vor tex  
Genera t o r s  Removed 

DF 58526 
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F i g u r e  VII-32. Combustion E f f i c i e n c y  a t  S imula ted  
C r u i s e  Condi t ions  With Vor tex  
Genera t o r s  Removed 

DF 58527 

F igure  VII-33. Combustion E f f i c i e n c y  a t  Simulated DF 58528 
Climb Condi t ions  With Vor tex  
Genera t o r s  Removed 

VII- 33 
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F i g u r e  VII-34. Burner  Performance a t  S imula ted  DF 58529 
Climb Condi t ions  With Vor tex  
Genera to r s  Removed 

The e f f e c t  of t h e  t u r b u l a t o r s  i n s t a l l e d  i n  p l a c e  of t he  v o r t e x  g e n e r a t o r s  

a t  s imula ted  c r u i s e  c o n d i t i o n s  i s  shown i n  f i g u r e  VII-35.  

e f f i c i e n c i e s  h i g h e r  t h a n  90% were shown f o r  t h e  f u l l  r ange  o f  t e s t e d  

f u e l / a i r  r a t i o s .  I n  o r d e r  t o  t e s t  an  o v e r a l l  f u e l l a i r  r a t i o  of 0 .05,  i t  

was necessa ry  t o  employ a Zone-1 f u e l l a i r  r a t i o  of 0.032 t o  p reven t  com- 

b u s t i o n  i n s t a b i l i t y  from o c c u r r i n g .  A s  t h e  Zone-1 f u e l l a i r  r a t i o  was 

i n c r e a s e d ,  a n o t i c e a b l e  d rop  i n  combustion e f f i c i e n c y  was s e e n .  The 

optimum Zone-1 f u e l f a i r  r a t i o  f o r  maximum combustion e f f i c i e n c y  w a s  

obv ious ly  less than  t h e  employed 0.030, and probably  w a s  much c l o s e r  

t o  t h e  d e s i g n  p o i n t  o f  0 .020.  

Combustion 

F i g u r e  VII-36 shows t h e  performance o f  t h e  bu rne r  w i t h  t h e  t u r b u l a t o r s  

i n s t a l l e d  a t  t h e  15 -ps i a  s imula t ed  t r a n s o n i c  c l imb  tes t  c o n d i t i o n s .  Very 

l i t t l e  d i f f e r e n c e  w a s  s een  on combustion e f f i c i e n c y  when employing 20 o r  

40 Zone-1 f u e l  n o z z l e s .  It w a s  n e c e s s a r y ,  however,  t o  u se  o n l y  20 Zone-1 

f u e l  nozz le s  t o  o b t a i n  s t a b l e  combustion a t  Zone-1 f u e l l a i r  r a t i o s  h i g h e r  

than  0.019. The u s e  of  20 nozz le s  had l i t t l e  o v e r a l l  e f f e c t  on t h e  com- 

b u s t i o n  e f f i c i e n c y  when compared t o  40 n o z z l e s .  Again,  i t  w a s  shown t h a t  

t h e  optimum Zone-1 f u e l l a i r  r a t i o  i s  a t  l ea s t  0.020, and a s a t i s f a c t o r y  

95% combustion e f f i c i e n c y  w a s  ob ta ined  a t  an  o v e r a l l  f u e l l a i r  r a t i o  o f  0 .051.  

% I  
3 
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? 

I ”  i 
F i g u r e  VII-35. Combustion E f f i c i e n c y  a t  S imula ted  DF 58530 

C r u i s e  Cond i t ions  With T u r b u l a t o r s  
I n s t a l l e d  

b“ 

F i g u r e  VII-36. Combustion E f f i c i e n c y  a t  S imula ted  DF 58531 
Climb Cond i t ions  With T u r b u l a t o r s  
I n s  tal 1 ed 
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1 
F i g u r e  VII-37 shows t h e  b u r n e r  w i t h  t u r b u l a t o r s  t o  f o l l o w  t h e  t r e n d  i 

e s t a b l i s h e d  a t  t h e  15 -ps i a  i n l e t  p r e s s u r e  when t e s t e d  a t  10  p s i a  s imula t ed  

t r a n s o n i c  c l imb c o n d i t i o n s .  Every o t h e r  Zone-1 f u e l  nozz le  was employed and a 

maximum combust ion e f f i c i e n c y  of 92% was r eco rded .  

r a t i o  may have been g r e a t e r  than  0.022 i n  t h i s  ca se .  

c h a r a c t e r i s t i c s  were v e r y  s i m i l a r  t o  those  a t  t h e  15 -ps i a  i n l e t  p r e s s u r e  

c o n d i t i o n s .  

The optimum Zone-1 f u e l l a i r  

Combustion s t a b i l i t y  

F igu re  VIL-37. Combustion E f f i c i e n c y  a t  S imula ted  DF 58532 
Cru i se  Condi t ions  With T u r b u l a t o r s  
I n s  t a 1 l e d  

I n  a n  a t t empt  t o  e l i m i n a t e  t h e  t r a n s v e r s e  mode of combust ion i n s t a -  

b i l i t y ,  6 of t h e  10  OD Zone-2 sp rayba r  segments were r ep laced  w i t h  segments 

having f low r a t e s  on ly  37% a s  h igh  a s  t h e  co r re spond ing  h i g h  f low r a t e  

segments .  The l o c a t i o n  o f  t h e s e  s p r a y b a r s  i s  shown i n  f i g u r e  VII-38. 

The s p r a y b a r  change caused a c i r c u m f e r e n t i a l  unbalance  o f  t h e  Zone-2 

OD f u e l  i n j e c t i o n  and a l s o  caused t h e  Zone-2 I D  t o  f low h i g h e r  than  t h e  

OD. The l o c a l  OD c i r c u m f e r e n t i a l  ave rage  Zone-2 f u e l l a i r  r a t i o  w a s  

0 .020 and t h e  I D  ave rage  f u e l l a i r  r a t i o  w a s  0 .033 w i t h  an i n j e c t o r  

p r e s s u r e  d i f f e r e n t i a l  o f  160 ps id  on tests w i t h  an  o v e r a l l  Zone-2 

f u e l / a i r  r a t i o  of  0.015. When a l l  t h e  h igh  f low s p r a y b a r s  w e r e  normal ly  

u s e d ,  t h e  ave rage  I D  and OD l o c a l  Zone-2 f u e l l a i r  r a t i o  w a s  0.026 w i t h  

an  i n j e c t i o n  p r e s s u r e  d i f f e r e n t i a l  of 100 ps id  a t  an o v e r a l l  Zone-2 

f u e l l a i r  r a t i o  of  0.015. 

V I I -  3 6 
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TDC 
I h. 10 3  /-h. 1 

Loc. 6--/ I - h 5  
View h k i n g  Upstream - Solid Spraybars Indicate Low Flow - Hatched Spraybars Indicate High Flow 

F i g u r e  VII-38. Zone-2 Spraybar  I n s t a l l a t i o n  

F i g u r e  VII-39 shows t h e  r e s u l t s  ob ta ined  w i t h  

FD 

he  above 

22822 

onf igu i - a t ion .  

Comparison of  f i g u r e s  VII-35 and VII-39 show t h a t  t h e  unbalance of  t he  

Zone-2 f u e l  i n j e c t i o n  had no n o t i c e a b l e  e f f e c t  on t h e  combustion e f f i c i e n c y  

a t  a n  o v e r a l l  f u e l / a i r  r a t i o  o f  0.05. This  i n d i c a t e s  t h a t  f o r  t h e  par- 

t i c u l a r  bu rne r  d e s i g n ,  t h e  Zone-2 combustion area w a s  f l e x i b l e  enough t o  

a l low c o n s i d e r a b l e  mismatch o f  i n d i v i d u a l  nozz le s  i n  t h e  Zone-2 sys tem 

b e f o r e  a n y  e f f e c t  w a s  s e e n  on t h e  bu rne r  performance. 

The r e s u l t s  ob ta ined  w i t h  eve ry  o t h e r  t u r b u l a t o r  i n s t a l l e d  a t  t h e  

s imula t ed  c r u i s e  c o n d i t i o n s  are  shown i n  f i g u r e  VII-40. Although precise 

p o i n t s  f o r  comparison w e r e  n o t  a v a i l a b l e ,  i t  w a s  i n d i c a t e d  t h a t  removing 

VII-37 
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e v e r y  o t h e r  t u r b u l a t o r  reduced t h e  combustion e f f i c i e n c y  s l i g h t l y .  F ig-  c 

ure' VII-40 a l s o  shows t h e  e f f e c t  of  t e s t i n g  w i t h  a l l  Zone-2 f u e l  be ing  

i n j e c t e d  on t h e  OD o n l y .  

b u s t i o n  e f f i c i e n c y  w a s  82.7%, a d r o p  o f  7%. 

A t  a n  o v e r a l l  f u e l l a i r  r a t i o  o f  0 .05 ,  t h e  com- 

F i g u r e  VII-39. Combustion E f f i c i e n c y  a t  S imula ted  DF 58533 
C r u i s e  Condi t ions  With Circumfer- 
e n t i a l l y  Unbalanced Zone-2 Fue l  
I n j e c t i o n  and With T u r b u l a t o r s  
I n s t a l l e d  

F i g u r e  VII-40. Combustion E f f i c i e n c y  a t  S imula ted  
C r u i s e  Condi t ions  With Every O t h e r  
T u r b u l a t o r  Removed 

DF 58534 
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Comparisons o f  t h e  t h r e e  t e s t e d  c o n f i g u r a t i o n s  a re  shown i n  f i g -  

u r e  VII-41. This  w a s  t h e  o n l y  test  c o n d i t i o n  i n  which comparisons o f  

a l l  t h r e e  c o n f i g u r a t i o n s  could be made. The combustion e f f i c i e n c i e s  

o f  t h e  o r i g i n a l  bu rne r  and t h e  one w i t h  t u r b u l a t o r s  w e r e  n e a r l y  i d e n t i c a l  

up t o  a f u e l l a i r  r a t i o  o f  0.030. A t  h i g h e r  f u e l l a i r  r a t i o s ,  t h e  o r i g i n a l  

bu rne r  produced combustion e f f i c i e n c i e s  h i g h e r  t han  t h e  bu rne r  w i t h  

t h e  t u r b u l a t o r s .  However, t he  two burne r s  w e r e  no t  ope ra t ed  a t  i d e n t i c a l  

f u e l  zone s p l i t s  a t  f u e l l a i r  r a t i o s  h i g h e r  than  0.030. The o r i g i n a l  bu rne r  

w a s  t e s t e d  w i t h  a Zone-1 f u e l l a i r  r a t i o  of  approx ima te ly  0.02 ( t h e  o r i g i n a l  

d e s i g n  p o i n t ) ,  whereas t h e  bu rne r  w i t h  the t u r b u l a t o r s  w a s  t e s t e d  w i t h  

Zone-1 f u e l l a i r  r a t i o s  o f  0.030-0.036. This  w a s  done t o  a l l o w  a s t a b l e  

o v e r a l l  f u e l l a i r  r a t i o  of  0.05 t o  be  t e s t e d .  Data show ( f i g u r e  VII-35) 

t h a t  i n c r e a s i n g  t h e  Zone-1 f u e l l a i r  r a t i o  from 0.030 t o  0.036 w a s  done 

a t  a 4.5% s a c r i f i c e  i n  combustion e f f i c i e n c y .  It w a s  concluded ,  t he re -  

f o r e  , t ha t  t h e  t u r b u l a t o r s  performed s i m i l a r l y  t o  t h e  o r i g i n a l  v o r t e x  

g e n e r a t o r s  , and had both bu rne r  c o n f i g u r a t i o n s  been t e s t e d  a t  i d e n t i c a l  

t e s t  c o n d i t i o n s ,  t h e  r e s u l t s  probably  would have been ve ry  s i m i l a r .  The 

burner  w i t h  t h e  v o r t e x  g e n e r a t o r s  removed w a s  t e s t e d  i n  a manner s imilar  

t o  the  o r i g i n a l  b u r n e r ,  bu t  d i d  n o t  match t h e  o r i g i n a l  bu rne r  performance 

u n t i l  an  o v e r a l l  f u e l l a i r  r a t i o  of  0.042 w a s  reached .  Although t h e  bu rne r  

w a s  f r e e  o f  combustion i n s t a b i l i t y  a t  t h i s  tes t  c o n d i t i o n ,  t h e  need f o r  

mixing d e v i c e s  i n  t h e  Zone-2 i n j e c t i o n  area w a s  c l e a r l y  e v i d e n t .  

F i g u r e  VII-4 1. Combustion E f f i c i e n c y  Comparisons DF 58535 
a t  S imula ted  C r u i s e  Condi t ions  

V I I -  3 9 
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Transve r se  mode combustion i n s t a b i l i t y  t h a t  occu r red  a t  t h e  30-ps ia  

t e s t  c o n d i t i o n s  was a p p a r e n t l y  a s s o c i a t e d  w i t h  t h e  Zone-2 combustion area,  

a lmos t  a lways o c c u r r i n g  when t h e  Zone-2 f u e l / a i r  r a t i o  exceeded 0.015, 

El 

F i g u r e s  VII-42 and VII-43 p r e s e n t  comparisons o f  t h e  b u r n e r  w i t h  

v o r t e x  g e n e r a t o r s  removed and t h e  b u r n e r  w i t h  t u r b u l a t o r s  a t  s imula t ed  

t r a n s o n i c  c l imb c o n d i t i o n s  w i t h  i n l e t  t o t a l  p r e s s u r e s  o f  15 and 10 p s i a ,  

r e s p e c t i v e l y .  These cu rves  w e r e  p a r t i a l l y  drawn by e x t r a p o l a t i o n  and 

i n t e r p o l a t i o n  of some d a t a  t e s t  p o i n t s .  This  w a s  done w i t h  conf idence ,  

due  t o  t h e  good r e p e a t a b i l i t y  d i s p l a y e d  by t h e  bu rne r s  ( see  f i g u r e s  VII-31 

through VII-33 and t a b l e  VII-1). 

A comparison o f  f i g u r e s  V I I - 4 1  and VII-42 shows t h a t  t he  burner  w i t h  

t u r b u l a t o r s  gave h i g h e r  combustion e f f i c i e n c i e s  a t  s imula t ed  t r a n s o n i c  

c l imb t h a n  a t  t h e  s imula t ed  c ru i se -approach  c o n d i t i o n .  This  w a s  due  t o  

t h e  bu rne r  be ing  ope ra t ed  a t  t h e  Zone-1 f u e l l a i r  r a t i o  d e s i g n  p o i n t  of  

0.020 a t  t h e  t r a n s o n i c  c l imb c o n d i t i o n ,  and i n d i c a t e s  t h a t  much h i g h e r  

combustion e f f i c i e n c i e s  could be  expec ted  w i t h  t h e  bu rne r  a t  a 30-ps ia  

i n l e t  p r e s s u r e  i f  i t  w a s  ope ra t ed  w i t h  a Zone-1 f u e l l a i r  r a t i o  c l o s e r  

t o  t h e  d e s i g n  p o i n t .  The combustion i n s t a b i l i t y  t h a t  occu r red  a t  t h e  

t r a n s o n i c  c l imb c o n d i t i o n  d i f f e r e d  c o n s i d e r a b l y  from t h a t  a t  a 30-ps ia  

i n l e t  p r e s s u r e .  I n  t h i s  case, a t r a n s v e r s e  mode w a s  a s s o c i a t e d  w i t h  

t h e  Zone-1 combustion area and a l o n g i t u d i n a l  mode a s s o c i a t e d  w i t h  t h e  

Zone-2 area.  The t r a n s v e r s e  mode would n o t  a l l o w  a Zone-1 f u e l l a i r  

r a t i o  h i g h e r  t han  approx ima te ly  0.019 t o  be  t e s t e d ,  b u t  t h i s  w a s  

c i rcumvented by u t i l i z i n g  o n l y  e v e r y  o t h e r  Zone-1 f u e l  n o z z l e .  The 

l o n g i t u d i n a l  mode would n o t  a l l o w  a n  o v e r a l l  f u e l l a i r  r a t i o  o f  0.05 

t o  be  t e s t e d ,  bu t  t h i s  mode w a s  e l i m i n a t e d  by u s e  o f  r a d i a l  vanes t o  

e f f e c t  a p r e s s u r e  d r o p  i n  t h e  r i g  d i f f u s e r .  

Comparisons a t  t h e  10-ps ia  s i m u l a t e d  t r a n s o n i c  c l imb c o n d i t i o n s  are  

shown i n  f i g u r e  VII-43. The same g e n e r a l  t r e n d  as t h a t  shown i n  f i g -  

u r e  VII-42 r e s u l t e d  a t  t h i s  test c o n d i t i o n .  The h i g h e s t  combustion 

e f f i c i e n c y  (91%) w a s  approximate ly  5% lower  than  t h a t  demonstrated a t  

t h e  15 -ps i a  i n l e t  p r e s s u r e  c o n d i t i o n ,  i n d i c a t i n g  tha,t  t h e  lower  p r e s s u r e  

and tempera ture  l e v e l s  w e r e  beginning  t o  have n o t i c e a b l e  e f f e c t s  on t h e  

V I I -  40 
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b u r n e r  performance. The combustion i n s t a b i l i t y  i n c u r r e d  w a s  g e n e r a l l y  

s i m i l a r  t o  t h e  15-ps ia  i n l e t  p r e s s u r e  c o n d i t i o n ,  e x c e p t  t h e  i n s t a b i l i t y  

occurred  a t  lower f u e l l a i r  r a t i o s .  

F i g u r e  V I I - 4 2 .  Combustion E f f i c i e n c y  Comparisons DF 58536 
a t  Simulated T r a n s o n i c  Climb 
Condi t ions  (15 p s i a )  

F i g u r e  V I I - 4 3 .  Combustion E f f i c i e n c y  Comparisons DF 58537 
a t  Simulated T r a n s o n i c  Climb 
Condi t ions  (10 p s i a )  

V I I - 4 1  
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, 
Although o n l y  one d u c t  burner  m o d i f i c a t i o n ,  i n s t a l l a t i o n  of  t h e  

t u r b u l a t o r s ,  was made t o  improve combustion e f f i c i e n c y  ( t h e  m a j o r i t y  

of  t h e  program development was devoted t o  t h e  combustion i n s t a b i l i t y  

a r e a ) ,  one burner  c o n f i g u r a t i o n  was a b l e  t o  produce combustion e f f i c i e n c i e s  

h i g h e r  t h a n  90% throughout  t h e  e n t i r e  s p e c i f i e d  o p e r a t i n g  range .  

V I I - 4 2  
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SECTION V I 1 1  
COMBUS T I O N  INSTABILITY 

P r i o r  t o  t h e  bu rne r  tests t h a t  r evea led  combustion o s c i l l a t i o n s  , 
s e v e r a l  mechanical  f a i l u r e s  o f  t h e  f a c i l i t y  and test hardware w e r e  

expe r i enced .  ( A l l  f a i l u r e s  are  documented i n  Appendix D ,  Tes t  Chronology.) 

Most f a i l u r e s  were a t t r i b u t e d  t o  t h e  i n t e n s e  t u r b u l e n c e  and l a r g e  p r e s s u r e  

d rops  produced i n  t h e  i n l e t  p i p i n g  and plenum. The h i g h l y  t u r b u l e n t  f low 

(white  no i se )  and r e s y l t i n g  mechanical  v i b r a t i o n  o f  t h e  hardware necess i -  

t a t e d  changes t o  t h e  b a f f l i n g  i n  t h e  i n l e t  plenum. Some b a f f l e  changes 

produced poor v e l o c i t y  p r o f i l e s .  Combustion o s c i l l a t i o n  w a s  f i r s t  

encountered d u r i n g  t h e  per iod  i n  which d i f f e r e n t  t y p e s  o f  b a f f l e s  w e r e  

be ing  examined. S i n c e  i t  i s  p o s s i b l e  t h a t  t h e  combustion o s c i l l a t i o n  

could be a f f e c t e d  by f low behav io r  i n  t h e  plenum, d e s i g n  changes t o  t h e  

plenum were made c o n c u r r e n t l y  w i t h  some o f  t h e  bu rne r  m o d i f i c a t i o n s  

in t ended  t o  damp t h e  combustion o s c i l l a t i o n .  Both types  o f  hardware 

changes and t h e i r  e f f e c t s  on combustion o s c i l l a t i o n  a re  p resen ted  i n  

t h i s  s e c t i o n .  

During t h e  e x i t  n o z z l e  nonburning c a l i b r a t i o n s ,  t h e  dynamic p r e s s u r e  

t r a n s d u c e r  mounted through and under  t h e  o u t e r  c o o l i n g  l i n e r s  i n d i c a t e d  

t h a t  h i g h  f requency  p r e s s u r e  f l u c t u a t i o n s  e x i s t e d  w i t h  a peak-to-peak 

ampl i tude  approx ima te ly  e q u a l  t o  10% of  t h e  measured s t a t i c  p r e s s u r e .  

The r i g  and f a c i l i t y  w e r e  then  ins t rumented  as shown i n  f i g u r e  V I I I - 1  

t o  o b t a i n  more d a t a  on t h e s e  f l u c t u a t i o n s .  

F u r t h e r  t e s t i n g  d i d  n o t  p i n p o i n t  t h e  s o u r c e  o f  t h e  w h i t e  n o i s e  t h a t  

w a s  observed;  however,  t h e  pr imary sources  were be l i eved  t o  be t h e  d i s -  

cha rge  of h i g h  v e l o c i t y  a i r  from t h e  24-in.  d i a m e t e r  supp ly  p i p e  i n t o  t h e  

plenum chamber, and ,  t o  a lesser e x t e n t ,  t h e  n o i s e  gene ra t ed  w i t h i n  t h e  

p i p e  due  t o  h i g h  v e l o c i t i e s  around t h e  t u r n s .  Some n o i s e  may have been 

genera ted  by t h e  f low d i s t r i b u t i o n  p l a t e ,  which had l a r g e  h o l e s  w i t h  v e r y  

h i g h  v e l o c i t i e s ,  and some n o i s e  may have been gene ra t ed  by t h e  i n l e t  

b u t t e r f l y  v a l v e .  Also ,  t h e  p i e z o e l e c t r i c  (Kist ler)  p r e s s u r e  t r a n s d u c e r ,  

used t o  e v a l u a t e  both w h i t e  n o i s e  and  combustion i n s t a b i l i t y ,  were some- 

what s e n s i t i v e  t o  mechanical  v i b r a t i o n ,  hence t h e  t r a n s d u c e r  o u t p u t  s i g n a l s  

were n o t  e n t i r e l y  from a c o u s t i c a l  s o u r c e s .  A t y p i c a l  f requency  spec t rum 

a n a l y s i s ,  ob ta ined  w i t h  a panoramic wave a n a l y z e r  i s  shown i n  f i g u r e  VII I -2 .  

V I I I -  1 
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FREQUENCY - HZ 

F i g u r e  VII I -2 .  Panoramic Wave Analyzer  D i s p l a y  FD 22848 
Obta ined  a t  D i f f u s e r  I n l e t  - 
Air f low,  150 l b / s e c  

An a t t e m p t  w a s  made t o  reduce  Lhe n o i s e  by i n s t a l l i n g  a p e r f o r a t e d  

c y l i n d e r ,  which extended from t h e  24-inch d i ame te r  supp ly  l i n e  t o  the  

bottom o f  t h e  54-inch d i a m e t e r  d u c t  ( f i g u r e  VI I I -3 ) .  Subsequent  a i r f l o w  

tes t s  showed t h e  p r e s s u r e  f l u c t u a t i o n s  had been s u b s t a n t i a l l y  reduced ,  

a l though  a b s o l u t e  l e v e l s  could n o t  be de te rmined  due t o  inadequa te  i n s t r u -  

men ta t ion .  A l l  bu rn ing  tes ts  were made a f t e r  i n s t a l l a t i o n  of  t h e  per -  

f o r a t e d  p i p e .  

Combustion i n s t a b i l i t y  occurred  d u r i n g  t h e  s i x t h  combustion t e s t  

(Test  P o i n t  81, t a b l e  D-2) d u r i n g  t e s t i n g  a t  s imula t ed  c r u i s e  c o n d i t i o n s .  

( A l l  i n s t a b i l i t y  t es t  p o i n t s  r e f e r r e d  t o  are l i s t e d  i n  t a b l e  D-2 o f  

Appendix D.) Combustion i n s t a b i l i t y  occurred  s i x  more t i m e s  u n t i l  t h e  

bu rne r  f a i l e d  (Test P o i n t  103) . High peak-to-peak p r e s s u r e  ampl i tudes  

w e r e  no ted  ( f i g u r e  V I I I - 4 ) ,  w i t h  t h e  f requency  i n  t h e  150-180 Hz range .  

These dynamic p r e s s u r e  t r a n s d u c e r  s i g n a l s  were recorded  on a Vi saco rde r  

( se l f -deve lop ing  s t r i p - c h a r t  r e c o r d e r )  i n  t h e  test ce l l  c o n t r o l  room. 

P r e s s u r e  w a s  d i s p l a y e d  as a f u n c t i o n  o f  t i m e .  The v i b r a t i o n  l e v e l  of 

t h e  r i g  w a s  ex t r eme ly  h igh  ( f i g u r e  V I I I - 5 ) .  

V I I I - 3  
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A 1  though t h e  d a t a  

q u a l i t y  and q u a n t i t y ,  

, 
recorded  d u r i n g  t h e  p rev ious  tests w e r e  l i m i t e d  i n  

t h e  observed f requency  w a s  t h a t  which would be 

expec ted  f o r  a combustion induced ,  f i r s t  t a n g e n t i a l  mode of  p r e s s u r e  

o s c i l l a t i o n  f o r  t h i s  b u r n e r .  New o u t e r  c o o l i n g  l i n e r s  w e r e  t h e n  f a b r i -  

c a t e d  and i n s t a l l e d  w i t h  forward segments t h a t  i n c o r p o r a t e d  p e r f o r a t i o n s  

and tubes  t o  a c t  as  Helmholtz  r e s o n a t o r s  t o  damp o u t  p r e s s u r e  o s c i l l a t i o n s  

and t h u s  a c t  as an  a c o u s t i c  s u p p r e s s o r .  The l i n e r s  a re  shown i n  f i g -  

u re s  11-15 and I V - 1 9 .  The p r e d i c t e d  a b s o r p t i o n  c o e f f i c i e n t  ( t h a t  p o r t i o n  

of t h e  i n c i d e n t  p r e s s u r e  wave no t  r e f l e c t e d  from t h e  l i n e r )  i s  shown i n  

f i g u r e  IV-20. The e x i s t i n g  a n a l y t i c a l  t echn iques  o f  a c o u s t i c  s u p p r e s s i o n  

do n o t  provide  f o r  d e t e r m i n a t i o n  o f  t h e  l e v e l  o f  s u p p r e s s i o n  r e q u i r e d  t o  

suppres s  p r e s s u r e  i n s t a b i l i t y  e f f e c t i v e l y .  The e v a l u a t i o n  o f  any  d e s i g n  

is  t h e r e f o r e  d i f f i c u l t  and dependent  upon p rev ious  e x p e r i e n c e .  The 

i n s t a l l e d  a c o u s t i c  l i n e r s  w e r e  t h e r e f o r e  cons ide red  t o  be e f f e c t i v e ,  

a l though  t h e  a b s o r p t i o n  c o e f f i c i e n t  w a s  approx ima te ly  0.14. 

It w a s  a l s o  p o s s i b l e  t h a t  l o n g i t u d i n a l  o s c i l l a t i o n s  e x i s t e d ,  as t h e  

p r e s s u r e  ampl i tude  d i d  n o t  f a l l  o f f  r a p i d l y  w i t h  d i s t a n c e  upstream of  

t h e  bu rne r ,  and t h e  f r equency  and occur rence  w a s  c o n t r o l l e d  o n l y  i n  

p a r t  by t h e  burner .  

To e l i m i n a t e  l o n g i t u d i n a l  i n s t a b i l i t y  t h a t  might be  coupled w i t h  

r i g  centerbody p r e s s u r e  o s c i l l a t i o n s  ( t h e  t h e o r e t i c a l  f requency  o f  t h e  

second l o n g i t u d i n a l  mode of o s c i l l a t i o n  w i t h i n  t h e  i n n e r  body w a s  150 Hz) 

a damping p l a t e  i n c o r p o r a t i n g  t h e  Helmholtz  r e s o n a t o r  p r i n c i p l e  w a s  

i n s t a l l e d  as shown i n  f i g u r e s  VI I I -6  and VII I -7 .  To e l i m i n a t e  a p o s s i b l e  

d r i v i n g  f o r c e  f o r  cen te rbody  o s c i l l a t i o n s  t h a t  could  r e s u l t  from t h e  

d i f f u s e r  b leed  a i r ,  t h e  d i f f u s e r  b leed  s t a t i c  p r e s s u r e  r ise  w a s  e l i m i n a t e d  

by i n s t a l l i n g  r e s t r i c t i o n s  a t  t h e  d i f f u s e r  b leed  e x i t ,  a l s o  shown i n  

f i g u r e s  VII I -6  and VI I I -7 .  

A t  t h i s  p o i n t  i n  t h e  t es t  program the new b u r n e r  w a s  i n s t a l l e d ,  and t h e  

o p e r a t i o n  procedure  w a s  r e v i s e d  t o  minimize damage produced by combustion 

i n s t a b i l i t y .  I n  p rev ious  tes ts ,  a f u l l  set of r eco rded  d a t a  w a s  ob ta ined  

when i n s t a b i l i t y  occur red .  Approximately 20 seconds were r e q u i r e d  t o  o b t a i n  

t h e s e  d a t a .  The new burne r  w a s  s p a r e d  t h i s  r e l a t i v e l y  long exposure  t o  

v i b r a t i o n  by be ing  o p e r a t e d  a t  the i n s t a b i l i t y  c o n d i t i o n  on ly  long  enough t o  

g a r n e r  the most p e r t i n e n t  d a t a .  Th i s  was done i n  a p e r i o d  o f  s e v e r a l  seconds .  

V I I I -  6 
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F i g u r e  V I I I - 7 .  Rig Centerbody M o d i f i c a t i o n s  FD 18858 

Combustion T e s t  P o i n t s  115 through 1 1 7  showed t h e s e  m o d i f i c a t i o n s  

t o  be i n e f f e c t i v e  i n  r educ ing  combust ion i n s t a b i l i t y ,  which w a s  o c c u r r i n g  

predominant ly  a t  a f r equency  of  450 Hz. 

when t h e  Zone-2 f u e l l a i r  r a t i o  exceeded 0.01 w h i l e  augmenting t h e  Zone-1 

combust ion.  The b u r n e r  p r e s s u r e  ampl i tude  w a s  modulated a t  a f requency  

o f  5 Hz ( f i g u r e  VIII-8) and t h e  two burne r  p r e s s u r e  t r a n s d u c e r s  spaced  

90-deg apa r t  w e r e  n o t  i n  phase ,  i n d i c a t i n g  a r o t a t i o n .  There w a s  a 

d e f i n i t e  d e c r e a s e  i n  p r e s s u r e  ampl i tudes  i n  t h e  d i f f u s e r  i n l e t  and t h e  

bu rne r  ex i t .  The i n c r e a s e  i n  t h e  f requency  from 150-180 t o  450 Hz i n d i -  

c a t e d  t h a t  t h e  f i r s t  t r a n s v e r s e  mode w a s  p robably  r ep laced  by t h e  t h i r d  

t r a n s v e r s e  mode. 

The i n s t a b i l i t y  w a s  o n l y  noted  

An e f f o r t  w a s  made t o  reduce t h e  c o l d  flow w h i t e  n o i s e  peak-to-peak 

i n l e t  p r e s s u r e  ampl i tudes  o f  1 t o  2 p s i a  a t  30 p s i a  by t h e  i n s t a l l a t i o n  

of damping d e v i c e s  i n  t h e  f a c i l i t y  i n l e t  d u c t .  These i n l e t  damping 

d e v i c e s  c o n s i s t e d  o f  t h r e e  s teel  boxes ,  p e r f o r a t e d  t o  a c t  as Helmholtz 

r e s o n a t o r s ,  which were welded t o  t h e  i n l e t  d u c t  w a l l  between the  f low 

V I I I -  8 
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d i s t r i b u t i o n  p l a t e  and the r i g .  

o p e r a t i o n  due  t o  t h e  extreme p r e s s u r e  o s c i l l a t i o n s  (no i se )  p r e s e n t  i n  

The boxes f a i l e d  d u r i n g  nonburning 

c 

t h e  i n l e t  ( f i g u r e  V I I I - 9 ) .  

I-l 

TIME 

F i g u r e  V I I I - 8 .  Schematic  o f  Burner O s c i l l a t i o n s  FD 23703 

F i g u r e  VIII- 9.  F a i l u r e  of I n l e t  Damping 
Devices  

FD 19148 

Another a t t e m p t  t o  improve t h e  i n l e t  f low c o n d i t i o n s  w a s  made by 

i n c r e a s i n g  t h e  i n l e t  f low d i s t r i b u t i o n  p l a t e  open area t o  reduce  t h e  

j e t  v e l o c i t y .  

p r o f i l e  and d i d  n o t  a f f e c t  combustor o s c i l l a t i o n s .  

This  m o d i f i c a t i o n  produced a poor  r i g  i n l e t  v e l o c i t y  

The r i g  w a s  f u r t h e r  ins t rumented  as shown i n  f i g u r e  V I I I - 1 0 ,  and com- 

b u s t o r  p r e s s u r e  o s c i l l a t i o n s  of t h e  same ampl i tudes  and f r e q u e n c i e s  as 

those  measured i n  t h e  i n l e t  d u c t  w e r e  measured i n  t h e  centerbody.  

V I I I -  9 



Pratt & Whitney Rircraft 
PWA FR-2542 

I 

V I I I -  10 

$ 

3 

.r( 
u 
a 
c) 

I= 
0 

.I4 
u 
# u 
I= 
a, 

k u 
m c 
H 

3 

0 
I-i 

1 
H 
H 
H 
3 
a, 
k 
9 
M 
.I4 
P4 



Pratt & Whitney Flircraft 
PWA FR-2542 

It w a s  s t i l l  s u s p e c t e d  t h a t  t h e  p r e s s u r e  o s c i l l a t i o n s  w e r e  a s s o c i a t e d  

w i t h  t h e  d i f f u s e r  a i r  b leed  and t h e  centerbody.  Consequent ly ,  r a d i a l  

f i n s  w e r e  i n s t a l l e d  t o  s u p p r e s s  a t r a n s v e r s e  mode i n  t h e  centerbody ( f i g -  

u r e  VIII-11). Although t h e  c h a r a c t e r  of  t h e  p r e s s u r e  o s c i l l a t i o n s  i n  t h e  

centerbody w a s  s u b s t a n t i a l l y  changed as a r e s u l t  of t h i s  m o d i f i c a t i o n  

t h e r e  w a s  no o b s e r v a b l e  e f f e c t  on combustion i n s t a b i l i t y  i n  t h e  d u c t  

burner .  The f o l l o w i n g  v a l u e s  o f  p r e s s u r e  o s c i l l a t i o n s  were recorded  

a t  a t y p i c a l  30-ps ia  test c o n d i t i o n :  

Locat  i o n  Peak-to-Peak Amplitude,  p s i  

D i f f u s e r  Bleed,  I D  Wall 

D i f f u s e r  Bleed,  OD Wall 

Cent erbod y 

Burner 

3- 4 

7- 10 

2- 3 

5- 6 

F i g u r e  VIII-11. R a d i a l  F i n s  i n  Centerbody FD 22553 

A t  t h i s  t i m e  t h e  r e l a t i v e  magnitudes o f  t h e  o s c i l l a t i o n s  i n d i c a t e d  

t h a t  t h e  b u r n e r  o s c i l l a t i o n  w a s  t h e  pr imary one. When o s c i l l a t i o n s  

occur  i n  t h e  b u r n e r ,  t h e  v e l o c i t y  must a l s o  o s c i l l a t e  i n  t h e  d i f f u s e r ,  

and ,  s i n c e  t h e  v e l o c i t y  i n  t h e  d i f f u s e r  w a s  h i g h e r  t h a n  t h a t  i n  t h e  

b u r n e r ,  a given p r e s s u r e  f l u c t u a t i o n  i n  t h e  b u r n e r  would c a u s e  a l a r g e r  

s t a t i c  p r e s s u r e  f l u c t u a t i o n  i n  the d i f f u s e r .  

bleed w a s  c o n t r o l l e d  by t h e  centerbody p r e s s u r e  r a t h e r  than  by t h e  burner  

The v e l o c i t y  i n  t h e  d i f f u s e r  

VIII- 11 
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“ i  3 
p r e s s u r e  a n d ,  s i n c e  t h e  cen te rbody  o s c i l l a t i o n s  were o f  low a m p l i t u d e s ,  

t h e  b l eed  v e l o c i t y  and s t a t i c  p r e s s u r e  o s c i l l a t i o n s  w e r e  a l s o  of  low 
ampl i tudes .  

It w a s  a l t e r n a t i v e l y  cons ide red  t h a t  t h e  c r i t i c a l  phenomena could  

have  occur red  where t h e  ampl i tudes  were t h e  h i g h e s t  (at  t h e  d i f f u s e r  

b l eed )  and t h a t  t h e  d i f f u s e r  b leed  w a s  probably  the immediate cause  o f  t h e  

o s c i l l a t i o n s .  The d i f f u s e r  b leed  a i r  d i s c h a r g e  passage w a s  t h e r e f o r e  

blocked o f f  t e m p o r a r i l y  and a h o l e  c u t  i n  t h e  i n l e t  cen terbody nose  t o  

p rov ide  c o o l i n g  a i r  f o r  t h e  i n n e r  c o o l i n g  l i n e r .  I n  a n  a t t e m p t  t o  

improve i n l e t  f low c o n d i t i o n s  , t h e  flow d i s t r i b u t i o n  p l a t e  w a s  removed 

a t  t h e  same t i m e .  

The r i g  i n l e t  f l ow v e l o c i t y  p r o f i l e  w a s  improved and t h e  w h i t e  

n o i s e  p r e s s u r e  ampl i tudes  dropped from 2 t o  1 p s i a ,  w i t h  no predominant 

f requency  recorded  up t o  1600 Hz. Mechanical  v i b r a t i o n s  o f  t h e  r i g  were 

g r e a t l y  reduced ,  as shown i n  f i g u r e  VII I -12 .  However, combustion i n s t a -  

b i l i t y  behav io r  w a s  u n a f f e c t e d .  Hence, n e i t h e r  n o i s e  n o r  t h e  d i f f u s e r  

b leed  appeared  t o  be a s s o c i a t e d  w i t h  t h e  observed t y p e  o f  combustion 

i n s t a b i l i t y .  During t h e  res t  o f  t h e  program no f u r t h e r  changes w e r e  

made t o  t h e  i n l e t  plenum. A l s o ,  t h e  d i f f u s e r  b l eed  w a s  r e s t o r e d  t o  t h e  

c o n f i g u r a t i o n  shown i n  f i g u r e s  VII I -6  and VII I -7 ,  and no  f u r t h e r  changes 

were made w i t h i n  t h e  centerbody.  

The I D  and OD v o r t e x  g e n e r a t o r s  w e r e  then  removed. A t  t h e  c r u i s e  

a i r f l o w s ,  combustion i n s t a b i l i t y  w a s  comple te ly  a b s e n t .  This  a l lowed 

a n  o v e r a l l  f u e l l a i r  r a t i o  o f  0.049 t o  be t e s t e d  a t  t h e  s i m u l a t e d  c r u i s e -  

approach c o n d i t i o n s  (Test  P o i n t s  141 through 148). A subsequent  t e s t  

a t  c r u i s e  f u e l l a i r  r a t i o s  ( T e s t  P o i n t s  90 through 99) a f t e r  t h e  i n n e r  

c o o l i n g  l i n e r  w i t h  a c o u s t i c  damping w a s  i n s t a l l e d ,  showed t h e  combustion 

e f f i c i e n c y  t o  be lowered t o  an unaccep tab le  level because  o f  t h e  removal 

of t h e  v o r t e x  g e n e r a t o r s .  A l s o ,  combustion i n s t a b i l i t y  w a s  found t o  occur  

a t  both  t h e  10- and 15 -ps i a  s imula t ed  t r a n s o n i c  c l imb tes t  c o n d i t i o n s .  

These w e r e  t h e  f i r s t  tests made a t  t r a n s o n i c  c l imb  c o n d i t i o n s .  The r e s u l t s  

showed t h e  amount o f  a c o u s t i c  damping provided by t h e  o u t e r  and i n n e r  

c o o l i n g  l i n e r  t o  be inadequa te .  

V I I I -  12  
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F i g u r e  V I I I -  12.  Duct Burner Rig Mechanical DF 53349 
V i b r a t i o n  With S t a b l e  Burning 

The o u t e r  secondary  burner  panel  w a s  t h e n  r o t a t e d  s o  t h a t  t h e  OD N O .  3 

scoops no l o n g e r  opposed t h e  I D  N o .  3 scoops ,  f i g u r e  V I I I - 1 3 ,  bu t  t h i s  

had no e f f e c t  on combustion i n s t a b i l i t y  a t  t h e  10- and 15-ps ia  s i m u l a t e d  

t r a n s o n i c  c l imb c o n d i t i o n s  ( T e s t  P o i n t s  194 through 203) .  

V I I I -  13 
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Dynamic p r e s s u r e  i n s t r u m e n t a t i o n  w a s  i n s t a l l e d  on t h e  Zone-1 secondary  

f u e l  mani fo ld ,  e n c i r c l i n g  and mounted on t h e  test r i g  a t  t h e  t o p  and 

bottom. 

t h e  r i g  were c a u s i n g  manifold p r e s s u r e  p u l s a t i o n s  t h a t  would a f f e c t  f u e l  

This  w a s  i n s t a l l e d  t o  de te rmine  i f  t h e  v i b r a t i o n s  i n c u r r e d  by 

f low a t  t h e  f u e l  n o z z l e s  and cause  combustion i n s t a b i l i t y .  

showed t h e  f u e l  manifold t o  have maximum peak- to-peak p r e s s u r e  a m p l i t u d e s  

of  4% of t h e  mean manifold p r e s s u r e  a t  f r e q u e n c i e s  of 200, 600, and 

800 Hz. 

flow. 

T e s t  d a t a  

This  w a s  c o n s i d e r e d  t o  cause  a n  i n s i g n i f i c a n t  change i n  f u e l  

Combustion i n s t a b i l i t y  encountered a t  t h e  s i m u l a t e d  t r a n s o n i c  c l imb 

c o n d i t i o n s  w a s  of a n  e n t i r e l y  d i f f e r e n t  n a t u r e  t h a n  t h a t  p r e v i o u s l y  

encountered  a t  t h e  s i m u l a t e d  c r u i s e  c o n d i t i o n .  While t h e  c r u i s e  c o n d i -  

t i o n  encountered  a probable  t h i r d  t r a n s v e r s e  mode due t o  t h e  Zone-2 

combustion r e g i o n ,  a 100 Hz l o n g i t u d i n a l  mode w a s  encountered  a t  t h e  

s i m u l a t e d  t r a n s o n i c  c l imb c o n d i t i o n s  , which w a s  a s s o c i a t e d  w i t h  t h e  

l a r g e r  f u e l l a i r  r a t i o s  t e s t e d .  

a combinat ion of  a f i r s t  t r a n s v e r s e  mode and a l o n g i t u d i n a l  mode, w a s  

e v i d e n t  a t  t h e  s i m u l a t e d  t r a n s o n i c  c l imb a i r f l o w s  and Zone-1 f u e l  i n j e c t i o n .  

A 160 t o  180 Hz i n s t a b i l i t y ,  a p p a r e n t l y  

It d i d  n o t  appear  l i k e l y  t h a t  t h e  100 Hz l o n g i t u d i n a l  mode w a s  

d i r e c t l y  a s s o c i a t e d  w i t h  t h e  combustion p r o c e s s .  It w a s  t h e o r i z e d  t h a t  

t h e  c o n n e c t i o n  of  a l a r g e  f a c i l i t y  volume t o  t h e  r i g  w i t h  ex t remely  low 

r e s i s t a n c e  i n  t h e  c o n n e c t i o n  r e s u l t e d  i n  l o n g i t u d i n a l  p r e s s u r e  o s c i l l a -  

t i o n s  i n v o l v i n g  t h e  f a c i l i t y  and t h e  r i g ,  which were of r e l a t i v e l y  low 

frequency and were p o o r l y  damped. These o s c i l l a t i o n s  w e r e  t h e n  e a s i l y  

d r i v e n  by t h e  combustor.  It was b e l i e v e d  t h a t  t h i s  e f f e c t  could b e  

reduced by i n c r e a s i n g  t h e  p r e s s u r e  d r o p  a t  t h e  f a c i l i t y l r i g  i n t e r f a c e .  

The f i r s t  a t t e m p t  t o  check  t h i s  t h e o r y  w a s  made by i n s t a l l i n g  

blockage p l a t e s  i n  t h e  i n n e r  and o u t e r  a n n u l i  s u r r o u n d i n g  t h e  d u c t  

b u r n e r ,  as shown i n  f i g u r e  VIII-14. This  a t t e m p t  w a s  i n e f f e c t i v e ,  as t h e  

blockage p l a t e s  u p s e t  t h e  a i r f l o w  d i s t r i b u t i o n  i n  t h e  d u c t  b u r n e r  and 

t h e  combust i o n  c h a r a c t e r  is t ics  were u n s a t i s f a c t o r y .  

V I I I -  15 



Pratt & Whitney Flircraft 
PWA FR-2542 

Blockage plates (shaded area) 
reduce the annulus cross-sectional 
area approximately 25% 

Short and Long Primary 
Burner Scoops -/ Section A-A 

L A  

F i g u r e  V I I I -  14.  Burner Annulus Blockage FD 20593 
P l a t e  I n s t a l l a t i o n  

T e s t i n g  w i t h  on ly  a l te rna te  Zone-1 f u e l  n o z z l e s  f lowing  d i d  n o t  

e l i m i n a t e  combustion i n s t a b i l i t y  a t  t h e  s i m u l a t e d  t r a n s o n i c  c l imb 

c o n d i t i o n s ,  b u t  i t  d i d  i n c r e a s e  t h e  o p e r a t i n g  range  over  which t h e  Zone-1 

f u e l / a i r  r a t i o  could  be t e s t e d  w i t h o u t  combustion i n s t a b i l i t y .  This  

w a s  s i g n i f i c a n t  s i n c e  combustion i n s t a b i l i t y  had p r e v i o u s l y  occur red  

w i t h  t h e  Zone-1 f u e l j a i r  r a t i o  lower t h a n  t h e  d e s i r e d  d e s i g n  r a t i o  

(0.015 as opposed t o  0.020) f o r  maximum combustion e f f i c i e n c y .  The 100 Hz 

l o n g i t u d i n a l  p r e s s u r e  o s c i l l a t i o n s  were o c c a s i o n a l l y  observed  when aug- 

ment ing w i t h  t h e  Zone-2 n o z z l e s  w h i l e  t e s t i n g  a t  s imula t ed  t r a n s o n i c  c l imb 

c o n d i t i o n s  a t  h i g h  o v e r a l l  f u e l l a i r  r a t i o s .  

of  combustion i n s t a b i l i t y  are  shown i n  f i g u r e  V I I I - 1 5 .  

on t h e  lower p o r t i o n  o f  t h e  f i g u r e  were ob ta ined  by s e t t i n g  t h e  Zone-1 

pr imary f u e l  f l o w  and then  i n c r e a s i n g  t h e  Zone-1 secondary  f u e l  f low.  

While t h e  f u e l l a i r  r a t i o  w a s  be ing  i n c r e a s e d ,  t h e  bu rne r  p r e s s u r e  w a s  

h e l d  c o n s t a n t  by r e g u l a t i n g  t h e  b u t t e r f l y  exhaus t  valve. The d a t a  

shown on t h e  upper  p o r t i o n  o f  t h e  f i g u r e  were o b t a i n e d  i n  a s i m i l a r  

manner,  i . e . ,  Zone-1 f u e l  f low w a s  h e l d  c o n s t a n t  and Zone-2 f u e l  f low 

was i n c r e a s e d .  

F u e l l a i r  r a t i o s  a t  t h e  o n s e t  

The d a t a  p re sen ted  
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F i g u r e  V I I I - 1 5 .  E f f e c t  of  Zone-1 Fue l  Flow DF 58542 
on Combustion S t a b i l i t y  

To s t u d y  f u r t h e r  t h e  e f f e c t  o f  f a c i l i t y l r i g  i n t e r f a c e  on combustion 

o s c i l l a t i o n  36 r a d i a l  blockage vanes w e r e  f a b r i c a t e d  f o r  i n s t a l l a t i o n  i n  t h e  

d i f f u s e r  ( f i g u r e  VII I -16) .  The vanes could be r o t a t e d  90 deg  ( i n  10-deg 

increments )  from t h e i r  a x i a l  p o s i t i o n  t o  g i v e  v a r i o u s  p r e s s u r e  d rops  

through t h e  d i f f u s e r .  This  w a s  d e s i r a b l e  s i n c e  i t  a l lowed t h e  a d d i t i o n a l  

f low r e s i s t a n c e  t o  be p o s i t i o n e d  c l o s e  t o  t h e  bu rne r  i n l e t .  It w a s  

u n r e a l i s t i c  i n  that  i t  w a s  n o t  a p p l i c a b l e  t o  a f l i g h t  engine  because 

o f  t h e  i n c r e a s e d  d i f f u s e r  p r e s s u r e  l o s s .  D i f f u s e r  p r e s s u r e  loss  vs 

d i f f u s e r  i n l e t  Mach number i s  p l o t t e d  f o r  two vane a n g l e s  o f  a t t a c k  

i n  f i g u r e  VIII-17.  

The d i f f u s e r  vanes w e r e  i n i t i a l l y  i n s t a l l e d  wi th  a 60-deg a n g l e  of  a t t a c k  

(every  o t h e r  vane  w a s  t u rned  i n  t h e  opposing d i r e c t i o n  t o  p reven t  s w i r l  

i n  a l l  vane  tests) .  The d i f f u s e r  vanes c r e a t e d  an a d d i t i o n a l  9.1% drop  

i n  p r e s s u r e ,  g i v i n g  t h e  d i f f u s e r  a t o t a l  p r e s s u r e  d rop  o f  10.5% w i t h  a n  

i n l e t  Mach number of  0.4 ( f i g u r e  V I I I - I f ) .  The i n s t a l l a t i o n  of  t h e  

d i f f u s e r  vanes had no  e f f e c t  on t h e  s imula t ed  t r a n s o n i c  c l imb combustion 
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s t a b i l i t y  l i m i t  o b t a i n e d  w i t h  Zone-1 f u e l  f low o n l y .  However, t h e r e  

'was a d e f i n i t e  improvement when f lowing  o n l y  a l t e r n a t e  Zone-1 n o z z l e s ,  

because t h e  Zone-1 f u e l / a i r  r a t i o  exceeded 0.016 and w a s  f u r t h e r  aug- 

mented by t h e  Zone-2 f u e l .  An o v e r a l l  f u e l / a i r  r a t i o  of  0.050 w a s  t h u s  

obta ined  w i t h  t h e  Zone-1 f u e l / a i r  r a t i o  se t  between 0.017 and 0 ,022 .  

S t a b l e  combustion w i t h  a n  o v e r a l l  f u e l / a i r  r a t i o  of  0.050 a t  s i m u l a t e d  

t r a n s o n i c  c l imb c o n d i t i o n s  w a s  thus  accomplished f o r  t h e  f i r s t  t i m e .  A s  

shown i n  f i g u r e  V I I I - 1 8 ,  t h e  Zone-1 f u e l l a i r  r a t i o  had t o  be g r e a t e r  than 

0.017 i f  an  o v e r a l l  f u e l l a i r  r a t i o  o f  0.050 w a s  t o  be o b t a i n e d  w i t h  

s t a b l e  combustion. T e s t i n g  w i t h  20 Zone-1 n o z z l e s  d i d  n o t  reveal a 

Zone-1 maximum f u e l / a i r  r a t i o  l i m i t  due t o  combustion i n s t a b i l i t y .  

s t a b l e  p o i n t s  shown i n  f i g u r e  V I I I - 1 8 ,  a t  Zone-1 f u e l / a i r  r a t i o s  o f  

0.007 and 0.010 and o v e r a l l  f u e l l a i r  r a t i o s  of 0.054 and 0.051, respec-  

t i v e l y ,  d i d  not  n e c e s s a r i l y  d e f i n e  t h e  s t a b i l i t y  l i m i t s .  The s t a b l e  

combustion a t  t h e s e  h i g h  o v e r a l l  f u e l / a i r  r a t i o s  a t  10 p s i a  m y  have  been 

due t o  t h e  Zone-1 p i l o t  f lame h a v i n g  a h e a t  release i n s u f f i c i e n t  t o  burn 

t h e  augmented Zone-2 f u e l  e f f i c i e n t l y .  O p e r a t i o n  a t  h i g h e r  e f f i c i e n c i e s  

might have been u n s t a b l e .  

The 

Diffuser Struts 

Section A-A in Each Quadrant 
(Each vane can be rotated 
from 0 to 90 degrees in 
10-degree increments) 

F i g u r e  VIII-16.  D i f f u s e r  R a d i a l  Vane 
I n s t a l l a t i o n  

FD 205978 
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F i g u r e  VIII-17.  D i f f u s e r  P r e s s u r e  Loss 
vs D i f f u s e r  I n l e t  Mach 
Number 

1 

DF 56595 

F i g u r e  V I I I - 1 8 .  E f f e c t  of  60-deg D i f f u s e r  DF 61933 
Vanes on Combustion S t a b i l i t y  

V I I I -  1 9  
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A t  10 p s i a  t h e r e  w a s  an i n d i c a t i o n  tha t  o p e r a t i o n  w i t h  20 Zone-1 t 

f u e l  n o z z l e s  provided  a b roade r  r e g i o n  o f  s t a b l e  combustion than  d i d  

o p e r a t i o n  w i t h  40 n o z z l e s .  

The d i f f u s e r  vanes d i s t u r b e d  t h e  flow through the d i f f u s e r  since 

t h e y  d i d  n o t  ex tend  a c r o s s  the complete  d i f f u s e r  annulus  t o  the I D  w a l l .  

With t h e  vanes a t  a 60-degree a n g l e  of  a t t a c k ,  t h e  a i r f l o w  was d i v e r t e d  

toward t h e  I D  w a l l  and a p p a r e n t l y  s e p a r a t e d  on t h e  d i f f u s e r  b l eed  l i p .  

This  r e s u l t e d  i n  an  unaccep tab le  bu rne r  i n l e t  r a d i a l  p r o f i l e  t h a t  had 

a n  e r r a t i c  f low t h a t  peaked toward t h e  I D  w a l l .  

The d i f f u s e r  vanes were r e p o s i t i o n e d  t o  a 30-deg a n g l e  o f  a t t a c k  

t o  de te rmine  i f  t h e  r a d i a l  f low d i s t r i b u t i o n  could be  c o r r e c t e d  w h i l e  

ma in ta in ing  t h e  improvement i n  t h e  f a c i l i t y l r i g  i n t e r f a c e  a t t r i b u t e d  

t o  t h e  presence  of  t h e  vanes.  

The p r e s s u r e  d rop  c r e a t e d  by t h e  d i f f u s e r  vanes w a s  4.0%, dec reased  

from 9.1% i n  t h e  prev ious  tes t ,  r e s u l t i n g  i n  a d i f f u s e r  t o t a l  p r e s s u r e  

d rop  o f  5.4% a t  an  i n l e t  Mach number o f  0.4, ( f i g u r e  VIII-17). 
r a d i a l  f low d i s t r i b u t i o n  w a s  improved b u t  t h e  s t a b l e  combustion range  

w a s  narrowed. The combustion s t a b i l i t y  l i m i t s  a re  shown i n  f i g u r e  VIII-19. 
A t  t h e  15-psia s imula t ed  t r a n s o n i c  c l imb c o n d i t i o n ,  t h e  r eg ion  o f  com- 

b u s t i o n  s t a b i l i t y  w a s  narrowed when compared t o  t h e  prev ious  t e s t ,  as 

i n s t a b i l i t y  occurred  when t h e  Zone-1 f u e l j a i r  r a t i o  w a s  i n c r e a s e d  t o  

0 .022 .  A more n o t i c e a b l e  d e t e r i o r a t i o n  i n  t h e  s t a b l e  combustion range  

occurred  a t  10 p s i a ,  where a s t a b l e  burn ing  r e g i o n  w i t h  a f u e l l a i r  r a t i o  

o f  0 .05 w a s  ob ta ined  o n l y  ove r  a v e r y  narrow range o f  Zone-1 f u e l l a i r  

r a t i o .  

The 

S i n c e  a s i g n i f i c a n t  f a c i l i t y l r i g  i n t e r f a c e  p r e s s u r e  d rop  w a s  shown 

t o  be e f f e c t i v e  and t h e  d i f f u s e r  vanes w e r e  n o t  comple te ly  s a t i s f a c t o r y ,  

a heavy i n l e t  s c r e e n  assembly w a s  i n s t a l l e d  i n  f r o n t  of t h e  d i f f u s e r  

as shown i n  f i g u r e  VIII-20. 
a n g l e  o f  a t t a c k  and t h e  r e s u l t i n g  t o t a l  p r e s s u r e  d r o p  a c r o s s  t h e  s c r e e n  

w a s  4.2% a t  a d i f f u s e r  i n l e t  Mach number o f  0.4. The i n l e t  s c r e e n  w a s  

comple te ly  i n e f f e c t i v e  w i t h  no a p p a r e n t  change o f  t h e  combustion s t a b i l i t y  

l i m i t s .  

The d i f f u s e r  vanes w e r e  l e f t  a t  a 30-deg 

1 
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F i g u r e  V I I I - 1 9 .  E f f e c t  o f  30-deg D i f f u s e r  Vanes DF 61932 
on Combustion S t a b i l i t y  

Plane 1 total unblocked area is approximately 
equal to twice the diffuser inlet area, Plane 2 

Plane 2 diffuser inlet area is approximately 
equal to the screen open area, Plane 1 Airflow - 

40 support vanes, equally spaced, with a screen grid 
on the upstream face 

The 4Mesh Screen Configuration 
Included a 1% in. Circular Blockage Ring 
as Indicated 

F i g u r e  V I I I - 2 0 .  R ig  I n l e t  Screen  I n s t a l l a t i o n  FD 2 0 5 9 9 A  

This  o r i g i n a l  3-mesh i n l e t  s c r e e n  w i t h  47% blockage area w a s  r e p l a c e d  

w i t h  a 4-mesh i n l e t  s c r e e n  w i t h  60% blockage area. 

s c r e e n  provided a s i g n i f i c a n t  i n c r e a s e  i n  p r e s s u r e  d r o p  ( f i g u r e  V I I I - 2 1 )  

bu t  had no s i g n i f i c a n t  e f f e c t  on t h e  combustion s t a b i l i t y  l i m i t .  

The 4-mesh i n l e t  

The 
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s i m u l a t e d  t r a n s o n i c  c l imb c o n d i t i o n s  t h a t  r e s u l t e d  i n  combustion i n s t a -  

b i l i t y  are shown p l o t t e d  on f i g u r e  VIII-22. 
d i f f u s e r  vanes w e r e  set  a t  30-degree a n g l e  of  a t t a c k .  

During t h i s  t es t ,  t h e  

T e s t i n g  w a s  then  conducted a t  t h e  s i m u l a t e d  t r a n s o n i c  c l imb c o n d i t i o n s  

u s i n g  a l l  40 Zone-1 secondary  f u e l  n o z z l e s .  

p l o t t e d  on f i g u r e  VIII-23.  

Zone-1 secondary  n o z z l e s  w a s  d e c r e a s e d ,  compared t o  t h a t  w i t h  20 Zone-1 

secondary  n o z z l e s .  

f u e l / a i r  r a t i o  g r e a t e r  t h a n  0.018, compared t o  a p r e v i o u s l y  o b t a i n e d  

f u e l / a i r  r a t i o  of  0.023 w i t h  20 Zone-1 secondary  n o z z l e s .  

The tes t  r e s u l t s  are  shown 

The combustion s t a b i l i t y  r e g i o n  w i t h  40 

S t a b l e  combustion w a s  n o t  o b t a i n e d  a t  a Zone-1 

I 

F i g u r e  VIII-21. I n l e t  Screen  P r e s s u r e  Loss  
vs D i f f u s e r  I n l e t  Mach Number 

DF 58543 
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F i g u r e  VII I -22 .  E f f e c t  of I n l e t  Screen  on 
Combustion S t a b i l i t y  

DF 5 6 5 9 4  

F i g u r e  VII I -23 .  E f f e c t  of  Zone-1 Secondary 
Fue l  Flow on Combustion 
S t a b i l i t y  

V I I I -  23 
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New d e s i g n  t u r b u l a t o r s  ( f i g u r e  11-10) w e r e  t h e n  i n s t a l l e d  i n  t h e  

burner  i n  t h e  v o r t e x  g e n e r a t o r  l o c a t i o n s .  The r e s u l t s  of  a s i m u l a t e d  

t r a n s o n i c  c l imb t e s t ,  p l o t t e d  on f i g u r e  VIII-24, show t h a t  combustion 

i n s t a b i l i t y  occurred  a t  s l i g h t l y  lower o v e r a l l  f u e l l a i r  r a t i o s  than  wi th-  

o u t  v o r t e x  g e n e r a t o r s .  Data a l s o  showed t h a t  t h e  combustion e f f i c i e n c y  

w a s  i n c r e a s e d  w i t h  t h e  t u r b u l a t o r s  i n s t a l l e d .  

F i g u r e  VII I -24 .  E f f e c t  of T u r b u l a t o r s  on 
Combustion S t a b i l i t y  a t  
T r a n s o n i c  Climb 

DF 56597 

The e f f e c t  of t h e  t u r b u l a t o r s  a t  s i m u l a t e d  c r u i s e  c o n d i t i o n s  is 

shown i n  f i g u r e  VIII-25.  It was n o t e d  t h a t  combustion i n s t a b i l i t y  always 

occurred  when t h e  Zone-2 f u e l l a i r  r a t i o  reached 0.015 , i n d i c a t i n g  t h a t  

t h e  Zone-2 f u e l  i n j e c t i o n  and/or  combustion zone a f f e c t e d  t h e  s t a b i l i t y  

reg ion .  This  w a s  n o t  t h e  case a t  t h e  10- and 15-ps ia  t e s t  c o n d i t i o n s .  

With e v e r y  o t h e r  t u r b u l a t o r  removed, t h e  combustion s t a b i l i t y  range 

a t  t h e  s i m u l a t e d  c r u i s e  c o n d i t i o n s  w a s  s l i g h t l y  improved, showing t h a t  

i t  w a s  p o s s i b l e  t o  o b t a i n  a s t a b l e  o v e r a l l  f u e l / a i r  r a t i o  of 0.05 by 

i n c r e a s i n g  t h e  Zone-1 f u e l l a i r  r a t i o  t o  0.030, as shown i n  f i g u r e  VII I -26 .  

i 
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F i g u r e  VII I -25 .  E f f e c t  of  T u r b u l a t o r s  on DF 56599 
Combustion S t a b i l i t y  a t  Cru i se  

F i g u r e  VIII-26.  E f f e c t  o f  A l t e r n a t e  T u r b u l a t o r s  DF 58539 
on Combustion S t a b i l i t y  

N o  a p p r e c i a b l e  e f f e c t  w a s  s een  on t h e  combustion s t a b i l i t y  range a t  

s imula t ed  c ru i se -approach  c o n d i t i o n s  when a1 1 t h e  Zone-2 augmenta t ion  

w a s  performed by f lowing  Zone-2 f u e l  on t h e  OD on ly .  

e f f i c i e n c y  dropped c o n s i d e r a b l y  (Tes t  Po in t  493) , 

However, combustion 

VIII-25 



Pratt & Whitney Flircraft 
PWA FR-2542 

I 

No e f f e c t  w a s  s e e n  on t h e  s t a b l e  o p e r a t i n g  r ange  a t  t h e  s imula t ed  

c r u i s e  c o n d i t i o n  when t h e  Zone-2 OD f u e l  w a s  i n j e c t e d  i n  a c i rcumferen-  

t i a l l y  unbalanced manner (Test  P o i n t s  504 through 518). 

The i n l e t  s c r e e n  w a s  f u r t h e r  reduced i n  f low area by a d d i n g  3 blockage 

r i n g s  ( f i g u r e  VI I I -27 ) ;  t h e  r e s u l t i n g  t o t a l  p r e s s u r e  l o s s  i s  shown i n  

f i g u r e  VIII-21.  Although t h e  p r e s s u r e  l o s s  w a s  g r e a t e r  t han  t h a t  ach ieved  

w i t h  t h e  d i f f u s e r  vanes ,  a comparison o f  f i g u r e  VII I -28  and p r e v i o u s l y  

p re sen ted  d a t a  shows t h e  f u e l l a i r  r a t i o  range o f  s t a b l e  combustion w a s  

much lower f o r  t h i s  l a s t  c o n f i g u r a t i o n  t e s t e d .  A t  t h e  s imula t ed  15-ps ia  

t r a n s o n i c  c l imb t e s t  c o n d i t i o n ,  an  o v e r a l l  f u e l l a i r  r a t i o  o f  0.05 w a s  

ob ta ined  a t  a Zone-1 f u e l l a i r  r a t i o  o f  0 .02  by man ipu la t ing  t h e  f u e l l a i r  

r a t i o s  i n  t h e  manner shown i n  f i g u r e  VII I -28 .  A t  t h e  15 -ps i a  t e s t  

c o n d i t i o n ,  t h e  combustion i n s t a b i l i t y  was a sudden,  v i o l e n t  t y p e ,  n o t  

p r e v i o u s l y  expe r i enced .  

TOR Dead Center, 

OD Ring 

Additional 
Blockage 
Rings 

F i g u r e  VII I -27 .  I n l e t  Screen  M o d i f i c a t i o n  

V I I I -  26 
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F i g u r e  VII I -28 .  E f f e c t  of  I n l e t  Sc reen  Blockage DF 58540 
on Combustion S t a b i l i t y  

There  were t h e r e f o r e  c o n s i d e r a b l e  d a t a  t o  show t h a t  t h e  combustion 

i n s t a b i l i t y  w a s  n o t  comple t e ly  and independen t ly  involved  w i t h  t h e  d u c t  

bu rne r .  The r e s u l t s  o f  t h e  tests w i t h  i n c r e a s e d  p r e s s u r e  d rops  upstream 

o f  t h e  d u c t  bu rne r  showed t h a t  t h e r e  is a n  e f f e c t  due t o  t h e  f a c i l i t y l r i g  

i n t e r f a c e  w i t h  Zone-2 f u e l  p r e s e n t  a t  the  t r a n s o n i c  c l imb a i r f l o w s .  

The fo l lowing  d u c t  bu rne r  m o d i f i c a t i o n s  were cons ide red  d u r i n g  t h e  

program f o r  improving s t a b i l i t y , a n d  hardware w a s  procured i n  each case, 

b u t  none o f  t h e  schemes were t e s t e d :  

1. Removal o f  t h e  Secondary Burner L i n e r  - Suppor ts  f o r  t h e  
rear o f  t h e  pr imary bu rne r  s e c t i o n  were f a b r i c a t e d  
( f i g u r e  VII I -29) .  These w e r e  r equ i r ed  i f  t h e  secondary  
l i n e r  w a s  removed, as t h e  secondary  l i n e r  suppor t ed  t h e  
rear o f  t h e  pr imary l i n e r .  The t h i r d  bu rne r  scoop,  
l o c a t e d  i n  t h e  secondary  l i n e r  p o s i t i o n ,  w a s  s imi la r  
t o  t h e  v o r t e x  g e n e r a t o r s .  Removal o f  t h e  v o r t e x  
g e n e r a t o r s  had e l i m i n a t e d  t h e  300 Hz p r e s s u r e  o s c i l -  
l a t i o n s  and i t  w a s  cons ide red  t h a t  e l i m i n a t i o n  o f  t h e  
No. 3 scoop might a l s o  be  e f f e c t i v e .  A s e p a r a t e  
inc reased -a rea  t h i r d  scoop w a s  f a b r i c a t e d  t h a t  could 
be  i n s t a l l e d ,  l e f t  o u t ,  o r  modi f ied  as r e q u i r e d .  

2. D i f f u s e r  Axial Vanes - Seven a x i a l  vanes were f a b r i c a t e d  
( f i g u r e  VII I -30) .  These vanes were in t ended  t o  p rov ide  
damping of  transverse p r e s s u r e  o s c i l l a t i o n s  i n  t h e  
d i f f u s e r  . 

! 
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3 .  Burner Secondary Panel  Scoop Extens ions  - Scoop e x t e n s i o n s  
of 1- inch h e i g h t  were f a b r i c a t e d  t o  i n s t a l l  on t h e  t h i r d  
scoops ( f i g u r e  VIII-31). Segment r i g  tests had shown t h a t  
t h i s  e x t e n s i o n  improved flame s t a b i l i t y  a t  low p r e s s u r e s  
and might  reduce  bu rne r  i n s t a b i l i t y  d r i v i n g  f o r c e .  

3rd Scoop 

F i g u r e  VIII-29. Secondary Panel  Replacement FD 20603 
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Diffuser Vane 

F i g u r e  VIII-30, D i f f u s e r  A x i a l  Vanes FD 20560 

F i g u r e  VII I -31 .  Secondary Pane l  Scoop 
Extens ion  

FE 68722 
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SECTION I X  
CONCLUSIONS 

1. The ram-induct ion d u c t  b u r n e r  demonstrated good combustion e f f i -  

c i e n c y  whi le  meeting t h e  r e q u i r e d  i s o t h e r m a l  t o t a l  p r e s s u r e  l o s s  o f  5% 

a t  a r e f e r e n c e  Mach number of  0.150. 

T e s t  Condi t ion  F u e l I A i r  Combus t i o n  Combus t i o n  Highes t  
R a t i o  E f f i c i e n c y  E f f i c i e n c y  Combustion 

Goal Burner  w i t h  E f f i c i e n c y  
% T u r b u l a t o r s  Obtained , 

% % 

30-ps ia  C r u i s e  0.02 95 
30-ps ia  Cruise-Approach 0 .05  95 
1 5 - p s i a  T r a n s o n i c  Climb 0.05 95 
1 0 - p s i a  Transonic  Climb 0 . 0 5  95 

93 93 
91 95 
95 95 
91 91 

The o c c u r r e n c e  o f  combus t i o n  i n s t a b i l i t y  l i m i t e d  t h e  o p e r a t i n g  range 

o f  t h e  d u c t  b u r n e r  b u t  i t  was p o s s i b l e  t o  t e s t  a t  a l l  o f  t h e  r e q u i r e d  con- 

d i t i o n s  w i t h  one c o n f i g u r a t i o n .  The combustion e f f i c i e n c i e s  demonstrated 

by t h e  d u c t  b u r n e r  w i t h  t h e  t u r b u l a t o r s  a t  a l l  t e s t  c o n d i t i o n s  i s  shown 

above.  The h i g h e s t  combustion e f f i c i e n c y  o b t a i n e d  a t  each t e s t  c o n d i t i o n ,  

r e g a r d l e s s  of  t h e  b u r n e r  c o n f i g u r a t i o n ,  i s  a l s o  shown. 

2 .  The burner  demonstrated e x c e l l e n t  i g n i t i o n  c h a r a c t e r i s t i c s  i g n i t i n g  a t  

f u e l l a i r  r a t i o s  as  low a s  0.0004 w i t h  no d e t e c t a b l e  b u r n e r  e x i t  t o t a l  p r e s -  

s u r e  change.  N o  blowouts occurred  d u r i n g  s t a b l e  combustion. 

3 .  The second d u c t  b u r n e r  was t e s t e d  f o r  8 1 . 2  h o u r s .  This  i n c l u d e d  

s u b j e c t i n g  t h e  burner  t o  s e v e r e  c o n d i t i o n s  w h i l e  o p e r a t i n g  w i t h  combus- 

t i o n  i n s t a b i l i t y  216 times f o r  a n  accumulated t i m e  of approximate ly  20 

minutes  d u r i n g  t h e  program. The ram-induct ion  d u c t  b u r n e r  w a s  i n  excel- 

l e n t  s t r u c t u r a l  c o n d i t i o n  as t h e  program ended, d e m o n s t r a t i n g  t h e  

d u r a b i l i t y  level  t o  be q u i t e  h i g h .  

4 .  Combustion i n s t a b i l i t y  occurred  w i t h  both t r a n s v e r s e  and l o n g i t u d i n a l  

modes. The t r a n s v e r s e  mode w a s  g e n e r a l l y  a s s o c i a t e d  w i t h  t h e  Zone-2 com- 

b u s t i o n  r e g i o n  and could  be a l t e r e d  by modifying t h a t  r e g i o n  o f  t h e  burner .  

The l o n g i t u d i n a l  mode g e n e r a l l y  occurred  w i t h  100 Hz and w a s  thought  t o  be 

a s s o c i a t e d  w i t h  t h e  r i g  and f a c i l i t y ,  T h i s  mode o f  i n s t a b i l i t y  could  be 

a l t e r e d  by changing t h e  p r e s s u r e  d r o p  a t  t h e  f a c i l i t y l r i g  i n t e r f a c e .  

I t  w a s  p o s s i b l e  t o  o p e r a t e  w i t h o u t  i n s t a b i l i t y  a t  a l l  r e q u i r e d  test  con- 

d i t i o n s  w i t h  p a r t i c u l a r  combina t ions  of  c o n f i g u r a t i o n  and o p e r a t i n g  p r o c e d u r e ,  
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The Colburn Analogy, Reference  4 ,  was t h e  s t a r t i n g  p o i n t  i n  e s t a b l i s h i n g  

t h e  g a s - s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t .  

I t  was assumed t h a t  a t u r b u l e n t  boundary 

s u r e  g r a d i e n t ,  e x i s t e d  on t h e  l i n e r  w a l l  

Thus , 

o v e r  a f l a t  p l a t e ,  w i t h  z e r o  p r e s -  

p a n e l .  I t  was a l s o  assumed t h a t  

t h e  boundary l a y e r  has no laminar  s t a r t i n g  l e n g t h  due t o  t h e  v e r y  t u r b u l e n t  

mainstream c o n d i t i o n s  induced by t h e  b u r n e r ,  v o r t e x  g e n e r a t o r s  and s p r a y b a r .  

For %x between 5 x l o 5  t o  10 7 

- 0.0576 

(Rex) 
0.7. c f  - (A -3) 

S u b s t i t u t i n g  e q u a t i o n s  (A-3) and (A -2 )  i n t o  (A-1) and s o l v i n g  f o r  h : 
g 

but  

A - 1  
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I f  t h e  v e l o c i t y  were e v a l u a t e d  a t  t h e  o v e r a l l  average  gas  s t r e a m  tem- 

p e r a t u r e ,  t h e  v e l o c i t y  i n  t h e  scrubbing  g a s  r e g i o n  would have been exces-  

s i v e l y  h igh  because  of t h e  l a r g e  t empera tu re  d i f f e r e n c e  between t h e  gas  

s t r eam and t h e  sc rubb ing  g a s .  

c o n t a c t  w i t h  the  l i n e r  w a l l ,  t he  scrubbing  g a s  tempera ture  was used t o  

e v a l u a t e  the  v e l o c i t y .  

e q u a t i o n  ( A - 4 )  gave 

Because t h e  sc rubb ing  gas  was i n  immediate 

S u b s t i t u t i n g  t h e  v e l o c i t y  r e l a t i o n s h i p  i n t o  

X - - x - .P, ( r e f e r e n c e s  d i s t a n c e  t o  Zone 1 f u e l  n o z z l e )  

The f i n a l  r e s u l t i n g  e q u a t i o n  f o r  h was,  g 

(A-5) 

Using assumpt ion  ( 2 )  f o r  t h e  gas  and n o t i n g  t h a t  p r o p e r t i e s  a t  a tmospher ic  

p r e s s u r e  could  be used because of  t he  low sys tem p r e s s u r e ,  f i g u r e  A - 1  

was used t o  e v a l u a t e  f ( T  ) .  
gf 

A-2  
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2 .  DUCT BURNER GEOMETRIC RELATIONSHIPS 

The d u c t  b u r n e r  c o o l i n g  l i n e r  geometr ic  r e l a t i o n s h i p s  were d e r i v e d  

on t h e  b a s i s  of  one c o n v o l u t i o n .  A s  i l l u s t r a t e d  i n  f i g u r e  A - 2 ,  t h e  

f a s t e n e r s  and t h e  f i l l e r  s t r i p  a r e  n o t  shown b u t  were cons idered  a s  a n  

a r e a  blockage.  The c r o s s - s e c t i o n a l  a r e a  p e r  c o n v o l u t i o n  was 

D: Area o f  Segment A 

2 e  e 
= R (7 - s i n  - 2 cos 2) 2 

P 

I 
Di 
. ., ,, , /// 

ID Liner 

bRp 
F i g u r e  A - 2 .  Symbols Used i n  D e r i v i n g  Geometric 

Equat ions  

S u b s t i t u t i n g  t h e  t r i g o n o m e t r i c  i d e n t i t y b e l o w  i n t o  e q u a t i o n  ( A - 7 ) .  

e e 1 
2 2 2 

s i n  - cos  - = - s i n  8 

2 R 
= (e  - , s i n  e)  

AD 2 
A -4 

(A -7)  

(A-8)  
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? 

Area o f  Segment AA: 

I \ 
A B 

7r Do I 
Arc AB = = - 

N 
@ = -  360 

N 
180 Line  AB = AB = D s i n  - - 

0 N 

D 
cos  '1 4 0  

AA = T ( $ )  & - 2 [ . ! . 2  2 2  s i n  - 2 2  - 
D 

2 

3. 

3 

N 
1 
2 - - s i n  - 

Length q: 

Area o f  Annular Element A b :  

4?, = R e  
P P 

04-9) 

(A - 10) 

(A- 11) 

(A- 1 2 )  

(A - 13) 

(A - 14) 

(A - 15) 

S u b s t i t u t i n g  ( A - 1 5 ) ,  ( A - 1 4 ) ,  ( A - 1 2 ) ,  and (A-8)  i n t o  (A-6)  and s o l v i n g  f o r  A . 
C 

R 2 N  
+ (e - s i n  0 )  - N (R 8 + 26)t - ABLK(N) (A-16)  

P P 

A - 5  
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I n  examining e q u a t i o n  (A-16), i t  became a p p a r e n t  t h a t  % and 8 must b e  

d e f i n e d  i n  terms of  t h e  known q u a n t i t i e s  D 

9 

N ,  and h .  From f i g u r e  A - 2 ,  
0' 

e R = R cos  - + h '  
P P 2 

h '  
e P 1 - cos  - 

R =  

2 

S u b s t i t u t i n g  e q u a t i o n  ( A - 1 7 )  i n t o  (A-18)  y i e l d e d ,  

I? 
h - (1 - C O S  '8">-6 

- 2 N 

1 - cos  e RP - 

(A - 17) 

(A - 18) 

A r e l a t i o n s h i p  f o r  8 was ob ta ined  w i t h  t h e  a i d  of  t h e  s k e t c h  below. 

(A - 19)  

- 
8 AB 
2 - 2 R  

s i n  - - - 
P 

S u b s t i t u t i n g  ( A - 1 1 )  and ( A - 1 9 )  i n t o  ( A - 2 0 )  

D s i n  180 (1 - cos g) 
s i n  - 6 -  - 0 N 2 -  

2 
2 [ h  - $ (1 - cos N 

180 D s i n  - e 
2 -  - 0 N s i n  - 

2 1 - cos - e 
2[h - 2 (1 - cos  - N 

A-6 

(A-20) 

( A - 2 1 )  
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1 
i Using t h e  f o l l o w i n g  t r i g o n o m e t r i c  i d e n t i t y ,  

- 1 - COS A - A tan - 
2 s i n  A 

i} in e q u a t i o n  ( A - 2 1 )  and s o l v i n g  I 
ti>% 

8 = 4 a r c  t a n  

€or  9 . 
h - D 2 (1 - cos ~ ) - ]  

(A-22) 

180 s i n  - DO 

2 N 

The h y d r a u l i c  d iameter  was c a l c u l a t e d  from t h e  u s u a l  e q u a t i o n ,  

where the  term (WP) was c a l c u l a t e d  independent ly .  
C 

The fo l lowing  i s  a summary of  the  p e r t i n e n t  geometr ic  e q u a t i o n s .  

The known v a l u e s  were N ,  D o ,  and h .  

(A-23 

D 
h - 2 (1 - cos - 

0 180 s i n  - D 

2 N 
_. 

8 = Lt a r c  t a n  

D 

2 N 
h - 2 ( l  - cos - 

R =  
P 0 1 - cos  - 

2 

( A - 2 2 )  

(A - 19) 

R 2 N  
( 0  - s i n  e) - N (R 8 + 2 6 ) t  p - ABLK (N) (A-16)  

+- P 
2 P 

A-7 
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t = ~ e  
P P 

3 .  PRESSURE DROP 

(4-45) 

(A - 24) 

From t h e  d i f f e r e n t i a l  momentum e q u a t i o n ,  a n  e x p r e s s i o n  f o r  p r e s s u r e  

drop a l o n g  t h e  l e n g t h  of a f l o w  passage ,  u s i n g  a v e r a g e  c r o s s  s e c t i o n  a r e a  

(Ac), was d e r i v e d  u s i n g  f i g u r e  A - 3 .  

bu t  

where 

where 

A, = Wetted Sur face  Area 
4 

-- --- r r--- --- 
I I 

pc I I Pc + dP, 
I Tc + d T c  ”, I I -N- V, + dVc 

Ac 

Tc -+I 

p c  I I P ,  + Qc -7 
A, + dA, I _ _ _ _ _ _ _ _ _ _ _ _  J 

I 

I- dx o I 

0 

F i g u r e  A - 3 .  C o n t r o l  Volume Wi th in  a Duct FD 13554A 

Z F  = N e t  change i n  momentum from s e c t i o n  1 
X 

t o  s e c t i o n  2 

C 
W 

S 
d A  

7 - =  - - d p C  
dx 

gC Ac dx - w a x  

3 

V L  ’cm m 

gC 
m 2 TW = f 

m = mean between s e c t i o n s  1 and 2. 

C 
d A  4 A  

s =  
dx  (DHC> 

= Hydrau l i c  d i ame te r .  
DHC 

CA -25) 

4 

“ 1  
i 

A-8 
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5 S u b s t i t u t i n g  i n t o  e q u a t i o n  (A-25) and s i m p l i f y i n g ,  t h e  f o l l o w i n g  

e qua t i  on was obta ined  . 

C 

C 

W 
A = G c  
- but  

T h e r e f o r e ,  
2 

Gc dvc - - -  m P " m  'm 4 f  p c  - =- 
dx (%C) 2gC gC dx 

(A-26) 

(A - 37) 

W r i t i n g  e q u a t i o n  (A-27)  i n  f i n i t e  d i f f e r e n c e  form and l e t t i n g  (VH) = 
2 

pc v h g c ,  

4- f m  

A x  ("Irn - * -  

pc 

The b u l k  p r e s s u r e  a t  t h e  n e x t  s t a t i o n  ( 3 )  a t  an  incrementa l  d i s t a n c e  x 

(A- 2 9 )  

The fo l lowing  e q u a t i o n  f o r  t h e  f r i c t i o n  f a c t o r  was obta ined  i n  Reference 3 .  

(A-30) -0.32 f = 0.0014 + (0.125) (Rec) 
i 

€ 
= f i  ('3'' /1 fiE 

1 f m = - ( f l + f )  2 2 

( A - 3 1 )  

( A - 3 2 )  

( A - 3 3 )  

( A - 3 4 )  

(A-35)  

A-9  
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Symbol 

A 

*BLK 

Cf 

DHC 

Di 

0 
D 

f 

f i  

gC 

G 

h 

h 

k 

.e 
N 

Nu 

P 

'r 

R e  

T 

t 

V 

W 

WP 

P 

X 

X 

6 

P 
P 
r 

NOMENCLATURE 

D e s c r i p t i o n  

Area 

Blocked area 

F r i c t i o n  c o e f f i c i e n t  

Hydraul ic  d iameter  

I n s i d e  d iameter  of duc t  bu rne r  

Ou t s ide  d iameter  of  duc t  burner  

F r i c t i o n  f a c t o r  

I so the rma l  f r i c t i o n  f a c t o r  

G r a v i t a t i o n a l  c o n s t a n t  

Mass v e l o c i t y  

Heat t r a n s f e r  c o e f f i c i e n t  

Convolut ion h e i g h t  of l i n e r  

Thermal c o n d u c t i v i t y  

Di s t ance  from l i n e r  t o  Zone 1 f u e l  nozz le  

Number of convo lu t ions  

N u s s e l t  Number 

S t a t i c  p r e s s u r e ,  

P r a n d t l  number 

Reynolds Number 

Temperature 

Metal t h i c k n e s s  

V e l  oc i t y  

F lowra t e 

Wetted pe r ime te r  

Var i ab le  d i s t a n c e  a long  l i n e r  

Var i ab le  d i s t a n c e  d i f f e r e n c e  

S idewa l l  h e i g h t  of  l i n e r  

Dens i ty  

V i  s c os i t y 

F l u i d  s h e a r  s t ress  

A- 10 

Uni t s  

i n .  

i n .  2 

i n .  

i n .  

i n .  

32 .2  l b  f t / l b f  s e c  2 
m 

m 
[B tu lh r  f t 2  

i n .  

Btu/hr  f t  O R  

i n .  

p s i a  

"pc" 
k 

P V X l P  
O R  

i n .  

f t l s e c  

lbm/sec  

i n .  

i n .  

i n .  

i n .  

l b / f t 3  

l b / f  t - s e c  
2 

l b / i n .  



Pratt & Whitney Qircraft 
PWA FR-2542 

S ymbo 1 

S u b s c r i p t s  

C 

f 

g 

gf  

g s  

m 

S 

W 

X 

1 

2 

Des cr i p  t i o n  

Coolant  

F i lm 

Ga s 

Gas-side f i l m  

Scrubbing g a s  

Me an  

S l o t  

Wall 

Dis tance  i n  x d i r e c t i o n  along l i n e r  

S t a t  i o n  number 

S t a t i o n  number 

U n i t s  
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APPENDIX B 
DAMPING LINER DESIGN AND BENCH TESTS 

1. IDEAL HELMHOLTZ ACOUSTIC RESONATOR THEORY 

a .  General  
A damping l i n e r  i s  i n  p r i n c i p l e  a n  i d e a l  Helmholtz  a c o u s t i c  r e s o n a t o r  

and i t s  t h e o r y  o f  o p e r a t i o n  can be formula ted  based on t h e  same mathe- 

matical model as p resen ted  i n  Reference 5 .  The model used f o r  a Helmholtz 

a c o u s t i c  r e s o n a t o r  i s  a s imple  spr ing-mass sys tem w i t h  one degree  o f  

freedom ( f i g u r e  B - 1 ) .  

I 

“A 7 Mass 

(a) (b) 

F i g u r e  B - 1 .  Helmholtz  Resonator  and Analogous FD 8464A 
Mechanical System 

The mass o f  gas  i n  t h e  neck o f  t h e  r e s o n a t o r  i s  assumed t o  remain 

c o n s t a n t .  The k i n e t i c  ene rgy  o f  t h e  sys t em i s  assumed t o  be c e n t e r e d  

i n  t h i s  mass. The o s c i l l a t o r y  motion o f  t h e  mass acts  as a p i s t o n ,  

a l t e r n a t e l y  compressing and r a r e f y i n g  t h e  gas  i n  t h e  r e s o n a t o r  volume. 

The volume i s  thus  fo rced  t o  a c t  as a s p r i n g  on which t h e  mass i s  sup- 

p o r t e d ,  hence t h e  spr ing-mass ana logy .  

The mass i s  e q u a l  t o  Apeeff, where A i s  t h e  area o f  t he  neck ,  P i s  

t h e  d e n s i t y  o f  t h e  r e s o n a t o r  g a s ,  and Jeff i s  t h e  e f f e c t i v e  l e n g t h  o f  

t h e  mass? Using Newton’s second l a w  o f  motion: 

*References a re  g i v e n  i n  Appendix 6. 
2kJcA l i s t  o f  symbols i s  p resen ted  i n  t a b l e  B-1 .  
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S ince  m i s  assumed c o n s t a n t ,  

d x  2 d x  2 
F = m- = - 

d t 2  d t 2  

where x i s  t h e  c o o r d i n a t e  o f  mass motion. 

The r e s u l t a n t  e x t e r n a l  f o r c e  on t h e  mass, C F x ,  i s  made up of t h r e e  

components : t h e  e x t e r n a l  p r e s s u r e  f o r c e  , t h e  f r i c t i o n a l  o r  damping f o r c e  , 
and r e s t o r i n g  o r  s p r i n g  f o r c e .  

E x t e r n a l  P r e s s u r e  Force :  I f  t h e  e q u i l i b r i u m  s t a t i c  p r e s s u r e  
i n s i d e  t h e  r e s o n a t o r  i s  assumed equa l  t o  t h e  e x t e r n a l  equ i -  
l i b r i u m  s t a t i c  p r e s s u r e ,  t h e  unbalanced e x t e r n a l  p r e s s u r e  
f o r c e  can  be  w r i t t e n  PA s i n  U t .  

Damping Force :  I f  t h e  damping f o r c e  i s  cons ide red  t o  be  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  v e l o c i t y ,  t h e  f o r c e  may be 
expressed  as 

dx  FD = RA- d t  

R ,  t h e  damping c o n s t a n t ,  i s  composed o f  two p a r t s :  f r i c t i o n  and 
t u r b u l e n c e  l o s s e s ,  %; r e r a d i a t i o n  o f  sound l o s s e s  from t h e  
r e s o n a t o r  neck,  R,. The re fo re  

R = R  + R d  r 

If t h e  mass i n  t h e  neck  of  t h e  r e s o n a t o r  i s  cons ide red  as a 
p i s t o n  which g e n e r a t e s  sound waves,  t h e  i n t e g r a t e d  momentum 
e q u a t i o n  (see Reference  6 )  ove r  a wave gene ra t ed  w i l l  y i e l d  

R e s t o r i n g  Force :  I f  i t  i s  assumed t h a t  t h e  movement o f  t h e  mass 
o f  a i r  i n  t h e  neck causes  an  i n s t a n t a n e o u s  uni form p r e s s u r e  
change i n  t h e  body of t h e  r e s o n a t o r ,  t h e  r e s t o r i n g  o r  s p r i n g  
f o r c e  may be w r i t t e n  

dP Fs = A -X d x  

Dur ing  compression o f  t h e  volume i n  t h e  body o f  t h e  r e s o n a t o r ,  t h e  

change i n  volume may be expressed  as -dV = Adx; and ,  
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For  a d i a b a t i c  compression:  
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2 2  S u b s t i t u t i n g :  Fs = Pc A x/Vgc 

2 2  The t e r m  Pc A /Vgc becomes 

c o n s t a n t  , K .  

t h e  e q u i v a l e n t  o f  t h e  mechanical  s p r i n g  

S u b s t i t u t i n g  t h e  f o r c e s  back  i n t o  Newton's second l a w  o f  motion 

y i e l d s  t h e  d i f f e r e n t i a l  e q u a t i o n :  

2 2  d2x RA d x  Pc A = s inOt  - L - - f -  

gc d t  ' gc d t  vgC 

The s o l u t i o n  of  t h i s  e q u a t i o n  y i e l d s  s e v e r a l  u s e f u l  r e l a t i o n s h i p s .  

The damped f requency  i s  found t o  be:  

From t h i s  r e l a t i o n s h i p  i t  can be s e e n  t h a t  when t h e  damping i s  LOW 

t h e  second t e r m  becomes n e g l i g i b l e ,  and t h e  n a t u r a l  f requency  becomes: 

The maximum ampl i tude  o f  mass d i sp lacemen t  becomes : 
f 

The amount o f  power d i s s i p a t e d  p e r  u n i t  area by the r e s o n a t o r  due  

t o  f r i c t i o n  and t u r b u l e n c e  i s  : 
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2 D i v i d i n g  by t h e  average  i n c i d e n t  i n t e n s i t y ,  I = P . g  /2Pc, t h e  1 c  
f r a c t i o n  of  energy  absorbed becomes : 

I f  t h e  p r e s s u r e  ampl i tude  a t  a w a l l  i s  t a k e n  as t w i c e  t h e  f r e e  f i e l d  

ampl i tude  t h e  e q u a t i o n  becomes : 

Using t h e  d e f i n i t i o n  of t h e  s p e c i f i c  a c o u s t i c  r e s i s t a n c e ,  

and t h e  q u a l i t y  f a c t o r ,  

Q = w,leff /ecu 

t h e  above e q u a t i o n  can be  expressed  a s :  

4 8  

( e +  q2  t x  2 a =  

where X = Qe (to -- 2) - i s  t h e  a c o u s t i c a l  r e a c t a n c e .  

b .  Empir ica l  C o r r e c t i o n s  f o r  I d e a l  Helmholtz Resonator  Theory 

(1) Nonl inear  R e s i s t a n c e  (Damping R e s i s t a n c e )  

The t o t a l  r e s i s t a n c e  w a s  p r e v i o u s l y  shown t o  be t h e  sum o f  t h e  damping 

r e s i s t a n c e  , R d ,  and t h e  r e r a d i a t i o n  r e s i s t a n c e ,  Rr.  

r e s i s t a n c e  w a s  e a s i l y  determined by i n t e g r a t i o n .  The damping r e s i s t a n c e  

i s  a sum of  t h e  v iscous  l o s s e s  and n o n l i n e a r  t u r b u l e n c e  l o s s e s .  This 

sum cannot  be a n a l y t i c a l l y  determined.  For  each r e s o n a t o r  geometry 

( i .e .  , p l a n e  h o l e s ,  s t a n d p i p e s ,  e tc . )  e m p i r i c a l  i n f o r m a t i o n  must b e  

o b t a i n e d  f o r  t h e  damping r e s i s t a n c e ,  

The r e r a d i a t i o n  

1 

i 
. L  
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The damping r e s i s t a n c e  i s  expres sed  as :  

Rd = 2(21.(pW)1’2 ( E  ‘i t /D)  

F o r  each  new g e o m e t r i c a l  t y p e  t h e  n o n l i n e a r  r e s i s t a n c e  t e r m ,  , 
can be de te rmined  e x p e r i m e n t a l l y  (see paragraph  2a)  f o r  t h e  case o f  

no-flow v e l o c i t y  p a s t  o r  through t h e  r e s o n a t o r  a p e r t u r e .  

(2) No-Flow 

The no-flow c a s e  most c l o s e l y  approaches  t h e  i d e a l  case, and f o r  

t h a t  reason  i s  a b a s i s  f o r  t h e  cases w i t h  f low.  I n  a d d i t i o n  t o  t h e  

damping r e s i s t a n c e  , o n l y  expe r imen ta l  d e t e r m i n a t i o n  o f  t h e  e f f e c t i v e  

l e n g t h  i s  r e q u i r e d .  

To o b t a i n  t h e  e f f e c t i v e  mass i n  t h e  r e e o n a t o r  neck ,  t h e  e f f e c t i v e  

l eng th  must be  known. A r e l a t i o n s h i p  can  be e s t a b l i s h e d  f o r  a g iven  

geomet r i ca l  typeof  r e s o n a t o r  as a f u n c t i o n  o f  g e o m e t r i c a l  parameters  

such  as d i a m e t e r ,  open area r a t i o ,  and t h i c k n e s s .  T h i s  can be  accom- 

p l i s h e d  by e x p e r i m e n t a l l y  e s t a b l i s h i n g  t h e  r e sonan t  f requency  o f  v a r i o u s  

t e s t  samples and c a l c u l a t i n g  t h e  co r re spond ing  e f f e c t i v e  l e n g t h s .  

( 3 )  Flow Through 

C a l c u l a t i o n s  f o r  t h e  flow through case are  made u s i n g  t h e  no-flow 

parameters  as a b a s i s  o f  c o r r e c t i o n ,  The no-flow resistance and react- 

ance  must be c o r r e c t e d  f o r  t h e  e f f e c t s  o f  t h e  flow through v e l o c i t y .  

The r e l a t i o n s h i p s  f o r  t h e s e  c o r r e c t i o n s  must be e x p e r i m e n t a l l y  e s t a b l i s h e d  

as f u n c t i o n s  o f  v e l o c i t y .  

( 4 )  Flow P a s t  

Once a g a i n  u s i n g  t h e  no-flow parameters  as a b a s i s  o f  c o r r e c t i o n  

t h e  i n f l u e n c e  o f  flow p a s t  may be de te rmined .  F i r s t ,  t h e  s h i f t  i n  

r e s o n a n t  f requency  must be  de te rmined  by e s t a b l i s h i n g  e x p e r i m e n t a l l y  

t h e  r e l a t i o n s h i p  between f requency  s h i f t  and f low p a s t  v e l o c i t y .  
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Where : 

= f u n c t i o n  o f  v e l o c i t y  
- A f O  

f O  

Next, t h e  s p e c i f i c  r e s i s t a n c e  w i t h  f low p a s t  must  be c a l c u l a t e d  

u s i n g  expe r imen ta l  r e l a t i o n s h i p s  f o r  t he  e f f e c t s  o f  p r e s s u r e  ampl i tude  

and flow p a s t  v e l o c i t y .  

- f u n c t i o n  o f  v e l o c i t y  - -  8V 
8 

2 .  FORMULATION OF DESIGN PROCEDURE 

a .  Impedance Tube C a l c u l a t i o n s  

Using t h e  trace o f  peak-to-peak p r e s s u r e  ampl i tude  v e r s u s  d i s t a n c e  

t o  sample f a c e  ( f i g u r e  B-2) ob ta ined  from a sample t e s t  i n  t h e  impedance 

tube  appa ra tus  ( f i g u r e  B-3), t h e  d e s i r e d  in fo rma t ion  can  be  c a l c u l a t e d .  

The r e l a t i o n s h i p s  a r e  t h e  fo l lowing :  

= 2(D3 - Dl)  , wave l e n g t h  

i n  d e c i b e l s  ’min ’ A P = P  - max 

Percen tage  a b s o r p t i o n ,  

T o t a l  a c o u s t i c  r e s i s t a n c e ,  
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-9 
d 
1 

Acous t ic  r e a c t a n c e  , 

N o n l i n e a r  r e s i s t a n c e  t e r m ,  

I 
W F S a m p l e  Face 
p: 

I H 0 . 0 5 0  in. 

DISTANCE TO SAMPLE FACE 

F i g u r e  B-2. T y p i c a l  Impedance Tube Data FD 20596 

b.  A n a l y t i c a l  Design Program 

The i d e a l  Helmholtz  r e s o n a t o r  t h e o r y  can now be used a s  a framework 

on which t o  p l a c e  t h e  e x p e r i m e n t a l l y  o b t a i n e d  c o r r e c t i o n s .  By conduct ing  

a r e l a t i v e l y  small  number o f  tests on samples w i t h i n  a g e o m e t r i c a l  f a m i l y  

of  i n t e r e s t  and under  c o n d i t i o n s  o f  i n t e r e s t  ( i . e , ,  no-flow, flow through,  

f low p a s t ,  h i g h  sound p r e s s u r e  l e v e l s  , m u l t i p l e  f r e q u e n c i e s )  t h e  r e l a t i o n -  

s h i p s  f o r  t h e  c o r r e c t i o n s  can be e s t a b l i s h e d .  Once e s t a b l i s h e d ,  t h e s e  

r e l a t i o n s h i p s  c a n  be combined w i t h  t h e  Helmholtz r e s o n a t o r  t h e o r y  i n  

a n  a n a l y t i c a l  computer program. 

a geometry and t o  o p t i m i z e  i t  f o r  maximum p o s s i b l e  a b s o r p t i o n  a t  t h e  

observed f requency  o f  t h e  combus t i o n  i n s t a b i l i t y .  

The program can b e  used t o  se lect  
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3 .  BENCH TESTS 

a .  T e s t  Rig 

The exper imenta l  d a t a  were ob ta ined  w i t h  t h e  impedance tube  appa ra tus  

shown i n  f i g u r e  B - 3 .  From t h e  t e s t  r e s u l t s ,  i n fo rma t ion  such as non- 

l i n e a r  r e s i s t a n c e  c o r r e c t i o n s ,  a b s o r p t i o n  c o e f f i c i e n t ,  r e sonan t  f requency ,  

end c o r r e c t i o n s  f o r  e f f e c t i v e  l e n g t h ,  and f requency  s h i f t  d u e  t o  f low 

p a s t  v e l o c i t y  can  be determined f o r  a g iven  geomet r i ca l  t y p e .  

accomplished by conduct ing  t e s t s  on many sample r e s o n a t o r s  w i t h i n  the  

geomet r i ca l  fami ly  of  i n t e r e s t  and e s t a b l i s h i n g  t h e  r e q u i r e d  r e l a t i o n -  

s h i p s  from c o r r e l a t i o n  of t he  t e s t  d a t a  (see Reference  5 ) .  

Th i s  was 

T e s t s  on the  impedance tube were conducted i n  the  fo l lowing  manner: 

F i r s t ,  the  t e s t  f requency and sound p r e s s u r e  l e v e l  were s e t  on the  sound 

s o u r c e .  A p lane  wave t h e n  formed i n  the  t u b e ,  t r a v e l e d  down t h e  tube t o  

t h e  sample f a c e ,  and was r e f l e c t e d .  The microphone probe t r a v e r s e d  t h e  

t u b e ,  c o n t i n u a l l y  measuring the  peak-to-peak p r e s s u r e  ampl i tudes .  Simul- 

t a n e o u s l y ,  the  d i s t a n c e  from the  probe t o  t h e  sample f a c e  was measured. 

This  i n fo rma t ion  y i e lded  a s t r i p  c h a r t  t r a c e  of  peak-to-peak p r e s s u r e  

ampli tude vs d i s t a n c e  from t h e  sample f a c e .  A l l  t h e  d e s i r e d  parameters  

were c a l c u l a t e d  from t h e  informat ion  con ta ined  on t h e  t r a c e s  ob ta ined  

by t h i s  procedure .  

/Sound Source 

/ Exponential Horn - Bleed Tubes 

F i g u r e  B - 3 .  Impedance Tube Apparatus  

B-8 
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b .  Samples Tested 

T e s t s  were conducted on t h e  i n n e r  l i n e r  damping tube  c o n f i g u r a t i o n s  

shown i n  f i g u r e  B-4. These samples were s t a n d p i p e  c o n f i g u r a t i o n s  o f  

0.625- and 1.00-inch d i a m e t e r s .  A c o n c e n t r i c  s t andp ipe  w i t h  a 0.625-inch 

i n n e r  d iameter  was a l s o  t e s t e d .  

The s u r f a c e  a r e a  of the  sample c o n f r o n t i n g  t h e  sound wave i n  t h e  

impedance tube was l i m i t e d .  To s i m u l a t e  the  proper  open a r e a  r a t i o s ,  

t h e  sample s t andp ipe  d i ame te r s  were s c a l e d .  The 1 .OO-inch d iameter  

s t andp ipe  was sca l ed  t o  0.625 i n c h  and t h e  1 .25- inch  d i ame te r  t o  approx- 

i m a t e l y  1 .00 i n c h .  

The volume of t he  r e s o n a t o r  was s i z e d  t o  s i m u l a t e  the  proper  volume 

f o r  t he  g iven  s t andp ipe  d iameter  by keeping the  r a t i o  of t he  volumes 

of the  s t andp ipe  t o  t h e  volume of the  r e s o n a t o r  c o n s t a n t .  These samples 

were t e s t e d  over  a wide range  of p r e s s u r e  ampl i tudes ,  f r equenc ie s  of 

200 and 400 Hz, and f low v e l o c i t i e s  o f  0 t o  400 f p s .  

p-3.00 in. Dia-q 

Section A-A 

F i g u r e  B-4. Impedance Tube Tes t  Sample 
Conf igu ra t ions  

FD 20602 
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c .  R e s u l t s  

The n o n l i n e a r  r e s i s t a n c e  d a t a  are  shown i n  f i g u r e  B-5 as a f u n c t i o n  

of  sound p r e s s u r e  l e v e l .  This  i n fo rma t ion ,  a l o n g  w i t h  test  d a t a  f o r  t h e  

end c o r r e c t i o n  r e l a t i o n s h i p  ( f i g u r e  B-6) and t h e  frequency s h i f t  r a t i o  

( f i g u r e  B - 7 ) ,  provided the  necessa ry  supplementa l  i n fo rma t ion  f o r  t h e  

a n a l y t i c a l  computer program. 

I n  a d d i t i o n ,  a b s o r p t i o n . c o e f f i c i e n t s  were ob ta ined  f o r  each sample.  

F igu res  B-8  and B-9  p r e s e n t  t h e  a b s o r p t i o n  c o e f f i c i e n t  v s  t h e  frequency 

f o r  s t a n d p i p e s ,  and f i g u r e  B - 1 0  shows t h e  same parameters f o r  t h e  con- 

c e n t r i c  s t a n d p i p e  . 

TOTAL souhi? PRESSURE LEVEL - db(rmsf 

F i g u r e  B - 5 .  Impedance Tube T e s t  R e s u l t s :  DF 55422 
Nonl inear  R e s  is t ance  v s  T o t a l  
Sound P r e s s u r e  Level  
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F i g u r e  B-6.  Impedance Tube T e s t  R e s u l t s :  End DF 55423 
C o r r e c t i o n  vs  S tandpipe  Diameter  

F i g u r e  B-7. Impedance Tube T e s t  R e s u l t s :  DF 55424 
Frequency S h i f t  R a t i o  vs Flow 
P a s t  Mach Number 
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64 m, 

70db 

F i g u r e  B-8 .  Absorp t ion  C o e f f i c i e n t  vs Frequency DF 55425 
f o r  0 .625-in.  Diameter S tandpipe  

F i g u r e  B-9.  Absorp t ion  C o e f f i c i e n t  vs  Frequency DF 55426 
f o r  1 .OOO-in. Diameter S tandpipe  
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P 

P 

Pmax 

’min 

Q 

F i g u r e  B - 1 0 .  Absorp t ion  C o e f f i c i e n t  vs 
Frequency f o r  Concent r ic  
S tandpipes  

Table  B-1. Nomenclature 

D e s c r i p t i o n  

Cross s e c t i o n a l  a r e a  o f  r e s o n a t o r  neck 

Sonic  v e l o c i t y  

Aper ture  d iameter  

D i s t a n c e  t o  f i r s t  node from sample 
f a c e  i n  impedance t u b e  

D i s t a n c e  t o  second node from sample 
f a c e  i n  impedande t u b e  

Force  

Frequency 

Dimensional c o n s t a n t  

Mass 

P r e s s u r e  

Pres  s u r e  amp1 i t u d e  

Maximum measured p r e s s u r e  ampl i tude  

Minimum measured p r e s s u r e  ampl i tude  

Q u a l i t y  f a c t o r  

B-13  

DF 55427 

U n i t s  

f t 2  

f t l s e c  

f t  

f t  

f t  

Ibf  
1 I s  ec 

lbm f t / l b f  sec2  

Ibm 
l b f / f t 2  

l b f / f t 2  

l b , / f t 2  

l b f / f t 2  
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Symbol 

R 

t 

t 

V 

V 

X 

X 

xO 

Z 

cy 

Y 
A 
t 

6 

x 
I.( 

K 

P 
U 

0 

A 

d 

d 

D 

e f f  

i 

0 

r 

S 

V 

X 

Table B - 1 .  Nomenclature (Continued)  

D e s c r i p t i o n  

T o t a l  res is  t ance  

T i m e  

Wall t h  icknes  s 

V e l o c i t y  

Volume 

Coordina te  of t r a v e l  f o r  o s c i l l a t i n g  m a s s  

S p e c i f i c  r e a c t a n c e  

Maximum mass disp lacement  

S p e c i f i c  impedance 

Absorp t ion  c o e f f i c i e n t  

S p e c i f i c  h e a t  r a t  i o  

D i f f e r e n t i a l  

Nonlinear  r e s  is  t a n c e  

Spec i f  i c  r e s  is  t ance  

Wave l e n g t h  

V i s c o s i t y  

3.14159 

Dens i ty  

Open a r e a  r a t i o  

Angular v e l o c i t y  o r  f requency 

Subs cr  i p  t s 

Apparent 

F r i c t i o n  p lus  tu rbu lence  

Damped 

Damping 

E f f e c t i v e  

I n c i d e n t  

N a  t u r a  1 

R e r  ad i a  t i  on 

Spr ing  

Flow p a s t  

D i r e c t i o n  

B-14 

Un i t s  

l b f  - s ec / f  t 3 

s ec  

f t  

f t l s e c  

f t 3  

f t  

f t  

f t  

lbm/f  t sec 

lbm/f  t 3 

l l s e c  
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APPENDIX D 
TEST CHRONOLOGY 

29 APRIL THROUGH 18 MAY 1966 

The d u c t  b u r n e r  r i g  was i n s t a l l e d  i n  t h e  SW-24 f a c i l i t y  ( f i g u r e  11-1). 

The l a r g e - d i a m e t e r  i n n e r  e x i t  n o z z l e  was i n s t a l l e d  w i t h  a l l  v a r i a b l e  

p lugs  i n  t h e  r e t r a c t e d  p o s i t i o n .  

- \  a 
P’“ 

1 
1 

L” J 

T e s t  P o i n t  1, t a b l e  D-1*, was set t o  check o u t  t h e  test f a c i l i t y ,  

i n s t r u m e n t a t i o n ,  and t h e  a u t o m a t i c  d a t a  r e c o r d i n g  system. It w a s  found 

t h a t  s u f f i c i e n t  t e s t  pa rame te r s  could  n o t  be  moni tored  by t h e  t es t  

f a c i l i t y  o p e r a t o r  t o  s a f e l y  conduct  a t e s t ,  

Cold Flow Time: 0.92 hour 

20 MAY 1966 

P r e s s u r e  gages were i n s t a l l e d  i n  t h e  c o n t r o l  p a n e l  t o  a l l o w  t h e  t e s t  

f a c i l i t y  o p e r a t o r  t o  monitor  t h e  d u c t  b u r n e r  r i g  i n l e t  and e x i t  p r e s s u r e s .  

A f a c i l i t y  and r i g  checkout  was t h e n  conducted ( T e s t  P o i n t  1). 

Cold Flow Time: 2 .25 hours  

2 1  THROUGH 24 MAY 1966 

The reduced d a t a  from t h e  p rev ious  c o l d  f lows  r e v e a l e d  t h a t  t h e  

f a c i l i t y  au tomat i c  p r e s s u r e  r e c o r d i n g  sys t em (DAMPR) was o u t  of  c a l i b r a -  

t i o n .  The DAMPR sys tem was subsequen t ly  r e c a l i b r a t e d .  

25 MAY 1966 

The f i r s t  co ld  f low c a l i b r a t i o n s  of  t h e  e x i t  n o z z l e  were conducted 

(Tes t  P o i n t s  2 th rough 13) w i t h  an a i r f l o w  r a t e  o f  approximate ly  300 l b / s e c .  

The o b j e c t  o f  t h e  c o l d  f low c a l i b r a t i o n s  was t o  de t e rmine  t h e  d i s c h a r g e  

c o e f f i c i e n t  f o r  t h e  choked e x i t  nozz le  a t  s e v e r a l  a i r f l o w  r a t e s  and t e m -  

p e r a t u r e s .  

Cold Flow Time: 4 .08  hours  

*Tables D - 1  and D-2 a t  t h e  end o f  t h i s  Appendix p r e s e n t  d a t a  f o r  
a11 c o l d  c a l i b r a t i o n  and combust ion t e s t  p o i n t s .  

D - 1  

PW GE BLANK NOT FIL 
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26 MAY 1966 

Cold f low c a l i b r a t i o n  t es t  p o i n t s  14 through 30 w e r e  ob ta ined  w i t h  

a i r f l o w  rates o f  approx ima te ly  150 l b / s e c .  

Cold Flow Time: 4 .58  hours  

1 JUNE 1966 

Cold f low c a l i b r a t i o n s  were resumed, bu t  t h e  test w a s  t e rmina ted  

because o f  f a i l u r e s  t o  t h e  h e a t e r - b u r n e r  l o c a t e d  i n  t h e  i n l e t  plenum 

and t o  an a i r  s u p p l y  l i n e  be l lows .  

Cold Flow Time: 5.42 hours  

2 THROUGH 1 9  JUNE 1966 

The d u c t  bu rne r  r i g  was removed by 2 June t o  pe rmi t  removal o f  t h e  

f a i l e d  h e a t e r - b u r n e r .  F i g u r e  D - 1  shows t h e  %-in .  d i ame te r  i n l e t  d u c t  

o f  t h e  SW-24 f a c i l i t y  l ook ing  upstream from t h e  r i g  i n l e t .  The i n l e t  

s c r e e n  had f a i l e d  and d e b r i s  passed  through t h e  system. The h e a t e r -  

b u r n e r ,  which was used a s  a flow d i s t r i b u t i o n  d e v i c e ,  had s e v e r a l  b u r n e r  

cans  d i s l o c a t e d  from t h e  r e a r  mounts; some b u r n e r  cans  had s t r u c t u r a l l y  

f a i l e d .  

The d i f f u s e r  p r e s s u r e  and t empera tu re  i n s t r u m e n t a t i o n  s u s t a i n e d  

major  damage from f o r e i g n  o b j e c t  impact .  The t o t a l  p r e s s u r e  r a k e s  were 

r e p a i r e d  and t h e  t o t a l  t empera tu re  probes  were r e p l a c e d .  E i g h t  o f  t h e  

Zone-1 f u e l  nozz le s  s u f f e r e d  damage t o  t h e  aerodynamic h e a t  s h i e l d s ,  which 

a r e  t h e  only  p a r t s  of t h e  n o z z l e  exposed t o  t h e  a i r s t r e a m .  The t h r e e  

most s e v e r e l y  damaged h e a t  s h i e l d s  were removed and a b e n t  f u e l  supp ly  

tube  was found on one nozz le .  A l l  40 nozz le s  were r e t u r n e d  t o  t h e  manu- 

f a c t u r e r  f o r  flow checks  and r e p a i r  o f  t h e  t h r e e  most s e v e r e l y  damaged. 

A Zone-2 f u e l  s p r a y b a r  w a s  damaged by d e b r i s  and r e q u i r e d  r e p a i r s .  

Although t h e  d u c t  b u r n e r  r ece ived  o n l y  minor damage, much d e b r i s  

had become lodged i n  i t .  

t h i s  was e a s i l y  s t r a i g h t e n e d .  

c u t  on b o t h  edges .  One I D  secondary  scoop w a l l  was t o r n .  The damaged 

scoops were s t r a i g h t e n e d  and we ld - repa i r ed .  

One OD scoop on t h e  pr imary  pane l  was b e n t ;  

An I D  scoop on t h e  pr imary  pane l  was 

D -2 
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F i g u r e  D - 1 .  SW-24 F a c i l i t y  Looking Upstream FE 
from t h e  54- in .  Diameter Duct 
Burner Rig I n l e t  A f t e r  t h e  1 June  
Cold Flow T e s t  

PWA FR-2542 

6071% 

No damage w a s  s u s t a i n e d  by t h e  water -cooled  p lugs  o r  t h e  water- 

cooled  t o t a l  p r e s s u r e  probes i n  t h e  e x i t  n o z z l e .  

The s c r e e n  downstream of t h e  flow d i s t r i b u t i o n  p l a t e  w a s  r e i n f o r c e d ,  

( f i g u r e  D - 2 ) .  The h e a t e r - b u r n e r  was d i sassembled  and a l l  p a r t s  except  

t h e  1 - i n .  t h i c k  s t a i n l e s s  s t ee l  s u p p o r t  p l a t e  were removed. This  p l a t e  

w a s  modi f ied  t o  provide  t h e  p r e s s u r e  d r o p  p r e v i o u s l y  s u p p l i e d  by t h e  

h e a t e r - b u r n e r  assembly. 

D -3 
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F i g u r e  D - 2 .  SW-24 Screen  Located Downstream FE 60720 
o f  t h e  Heater-Burner 

A new a i r  s u p p l y  l i n e  bel lows s e c t i o n  w a s  i n s t a l l e d .  This  bel lows 

s e c t i o n  had a sleeve t h a t  w a s  spun r a t h e r  t h a n  f a b r i c a t e d  from two 

p i e c e s ,  e l i m i n a t i n g  t h e  weld t h a t  had p r e v i o u s l y  f a i l e d .  

t h i c k n e s s  was approximately twice t h a t  of t h e  o l d  sleeve. 

t i o n a l  s u p p o r t ,  a 1- by 3 - i n .  c r o s s  s e c t i o n  x-member was welded i n  t h e  

downstream end of t h e  be l lows  s e c t i o n .  

The sleeve 

F o r  a d d i -  

An access h a t c h  w a s  i n s t a l l e d  i n  t h e  r i g  i n l e t  a d a p t e r  t o  permi t  

i n s p e c t i o n  of t h e  d m n s t r e a m  s i d e  of t h e  flow d i s t r i b u t i o n  p l a t e  w i t h o u t  

r i g  d isassembly .  

The d u c t  b u r n e r  r i g  was r e i n s t a l l e d  13 - 1 6  June. X-ray i n s p e c t i o n  

of  t h e  be l lows  s e c t i o n  i n s t a l l a t i o n  was completed on 20 June .  

20 JUNE 1966 

The c o l d  flow c a l i b r a t i o n  of t h e  choked ex i t  n o z z l e  w a s  resumed on 

A p o s t - t e s t  i n s p e c t i o n  i n d i c a t e d  20 June  (Tes t  P o i n t s  31 through 3 4 ) .  

t h a t  a d d i t i o n a l  f a i l u r e  w a s  imminent. Warpage of  t h e  f low d i s t r i b u t i o n  

e ,  I 
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p l a t e  ( former ly  t h e  h e a t e r - b u r n e r  ups t ream s u p p o r t  p l a t e )  was t h e  major 

problem. This  p l a t e  w a s  f a s t e n e d  by f ive  b o l t s  t o  a s u p p o r t  r i n g .  

P r e s s u r e - l o a d i n g  caused t h e  p l a t e  t o  warp 5 / 8 - i n .  on  the c i r c u m f e r e n c e  

between t h e  b o l t s .  I n  a d d i t i o n ,  t h e  s t r a n d s  of t h e  r e i n f o r c e d  s c r e e n  

had many b r e a k s .  The c l e a n  s t r a n d  b r e a k s  i n d i c a t e d  t h a t  t h e  w i r e s  were 

f a t i g u e d .  

Cold Flow Time: 2.90 hours  

21 THROUGH 28 JUNE 1966 

Repai rs  were made i n s i d e  t h e  f a c i l i t y  d u c t i n g  w i t h o u t  removing t h e  

duc t  b u r n e r  r i g .  The s c r e e n  was removed from t h e  flow s t r e a m ,  c u t  i n  

h a l f  i n s i d e  t h e  d u c t i n g ,  and dropped through t h e  a d j o i n i n g  f l a n g e .  The 

flow d i s t r i b u t i o n  p l a t e  was s t r a i g h t e n e d  and 2 0  more b o l t s  were added 

on t h e  c i rcumference  t o  secure t h e  p l a t e  more r i g i d l y  i n  t h e  d u c t .  To 

p r o v i d e  a d d i t i o n a l  s u p p o r t  f o r  t h e  flow d i s t r i b u t i o n  p l a t e  , two l a r g e  

members (1 by 8 i n .  c r o s s  s e c t i o n )  were welded a c r o s s  t h e  54-in.  d u c t .  

The e f f e c t i v e  flow a r e a  o f  t h e  p l a t e  had been 250 i n . ,  r e s u l t i n g  i n  

choked flow through t h e  p l a t e  and, c o n s e q u e n t l y ,  a h igh  p r e s s u r e  drop.  

To a l low unchoked flow through t h e  h o l e s  d u r i n g  normal o p e r a t i o n ,  t h e  
2 e f f e c t i v e  flow a r e a  was i n c r e a s e d  t o  approximate ly  550 i n .  

2 

During t h e  20 June  t e s t ,  a p r e s s u r e  t r a n s d u c e r ,  which w a s  mounted 

s l i g h t l y  downstream of t h e  d u c t  b u r n e r ,  i n d i c a t e d  t h a t  p e r i o d i c  p r e s -  

s u r e  f l u c t u a t i o n s  e x i s t e d  w i t h  an  ampl i tude  approximate ly  e q u a l  t o  

10% of t h e  s t a t i c  p r e s s u r e .  Because t h e s e  p r e s s u r e  f l u c t u a t i o n s  might 

have c o n t r i b u t e d  t o  t h e  f a c i l i t y  f a i l u r e s  , a d d i t i o n a l  p r e s s u r e  t r a n s -  

ducers  were i n s t a l l e d  b o t h  upstream and downstream o f  t h e  flow d i s t r i -  

b u t i o n  p l a t e  t o  o b t a i n  more d a t a .  

29 JUNE 1966 

A tes t  w a s  made t o  check  t h e  r i g  i n l e t  r a d i a l  and c i r c u m f e r e n t i a l  

t o t a l  p r e s s u r e  p r o f i l e s  and t o  check f o r  p r e s s u r e  f l u c t u a t i o n s  (Tes t  

P o i n t s  35 through 38). The r i g  i n l e t  t o t a l  p r e s s u r e  v a r i e d  circum- 

f e r e n t i a l l y  by 5% and t h e  i n d i c a t i o n s  of p r e s s u r e  f l u c t u a t i o n s  p e r s i s t e d .  

The test  was t e r m i n a t e d  and a n  i n s p e c t i o n  o f  t h e  r i g  and f a c i l i t y  

r e v e a l e d  t h a t  a l l  p a r t s  were s t r u c t u r a l l y  sound. 
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3 0  JUNE 1966 

F u r t h e r  i n s t r u m e n t a t i o n  was i n s t a l l e d  i n  t h e  d u c t  b u r n e r  r i g  and 

t h e  SW-24 f a c i l i t y  t o  p rov ide  d a t a  f o r  a more complete  a n a l y s i s  of  t h e  

appa ren t  p r e s s u r e  f l u c t u a t i o n s .  Dynamic p r e s s u r e  t r a n s d u c e r s  and 

acce le romete r s  were i n s t a l l e d  a s  shown i n  f i g u r e  D-3 .  

1 THROUGH 11 JULY 1966 

A t e s t  was conducted t o  i n v e s t i g a t e  t h e  p r e s s u r e  o s c i l l a t i o n s  i n  t h e  

r i g .  Ai r f low and d i f f u s e r  i n l e t  Mach number were v a r i e d  and d a t a  t a k e n  

a t  Tes t  P o i n t s  39 through 42 on 1 J u l y .  Although s i g n i f i c a n t  p r e s s u r e  

f l u c t u a t i o n s  w e r e  shown t o  be  p r e s e n t ,  t h e  e x a c t  v a l u e  could  n o t  be  

de te rmined  because  t h e  dynamic p r e s s u r e  s e n s o r s  w e r e  a l s o  s e n s i t i v e  t o  

r i g  v i b r a t i o n .  The p r e s s u r e  o s c i l l a t i o n s  were cons ide red  t o  have been 

a t  l e a s t  p a r t i a l l y  caused  by t h e  24- in .  supply  l i n e  dumping p e r p e n d i c u l a r l y  

i n t o  t h e  54 - in .  i n l e t  l i n e .  

A 24- in .  d i ame te r  p e r f o r a t e d  c y l i n d e r  was t h e n  i n s t a l l e d  ex tend ing  

from t h e  24 - in .  supp ly  l i n e  t o  t h e  bottom o f  t h e  54- in .  d u c t ;  f low a r e a  

o f  t h e  p e r f o r a t e d  c y l i n d e r  was 300 squa re  inches .  

Cold Flow T i m e :  4 .40 hours  

1 2  JULY 1966 

T e s t i n g  was resumed t o  c o n t i n u e  i n v e s t i g a t i o n  of t h e  a i r f l o w  

c h a r a c t e r i s t i c s  (Tes t  P o i n t s  43 through 4 6 ) .  P r e s s u r e  f l u c t u a t i o n s  

had been s u b s t a n t i a l l y  reduced.  

The d i f f u s e r  i n l e t  t o t a l  p r e s s u r e  p r o f i l e  had a 5% v a r i a t i o n  between 

t h e  bot tom and t o p  of  t h e  r i g .  T h i s  d i f f e r e n c e  was cons ide red  t o  be 

e x c e s s i v e ,  s i n c e  t h e  i n l e t  p r e s s u r e  on a n  eng ine  would n o t  b e  expec ted  

t o  v a r y  more t h a n  2%. Hal f  t h e  h o l e s  i n  t h e  f low d i s t r i b u t i o n  p l a t e  

were t h e n  b locked  o f f  t o  i n c r e a s e  t h e  p r e s s u r e  d rop  and improve mixing;  

t h e  r e s u l t i n g  open a r e a  was about  380 squa re  i n c h e s .  

.* i 
d , & 

Cold Flow Time: 3.99 hours  
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13 JULY 1966 

A t es t  w a s  conducted t o  check t h e  i n l e t  p r o f i l e  and make a hea ted  

i n l e t  c o l d  flow c a l i b r a t i o n  ( T e s t  P o i n t s  47 through 5 3 ) .  The circum- 

f e r e n t i a l  p r e s s u r e  p r o f i l e  appeared t o  be s a t i s f a c t o r y  a l though  a r a d i a l  

p r o f i l e  t h a t  peaked toward t h e  I D  w a l l  s t i l l  e x i s t e d .  The h e a t e d  i n l e t  

co ld  flow c a l i b r a t i o n  was no t  made because t h e  f a c i l i t y  p r e h e a t e r  could  

not  s u s t a i n  combustion. 

Cold Flow Time: 4.1)O hours  

14  JULY 1966 

Another a t t empt  w a s  made t o  o b t a i n  a hea ted  i n l e t  c o l d  flow 

c a l i b r a t i o n  (Tes t  P o i n t s  54 through 56) .  

w a s  reached b u t  could  n o t  be s u s t a i n e d  by t h e  f a c i l i t y  p r e h e a t e r .  

S e v e r a l  a t t e m p t s  were made t o  m a i n t a i n  t h i s  t empera tu re ,  bu t  b e f o r e  t h e  

e x i t  n o z z l e  could  b e  choked t h e  f a c i l i t y  exhaus t e r s  began f i l l i n g  wi th  

wa te r  and t h e  tes t  was t e rmina ted .  

An i n l e t  t empera ture  of  600°F 

Cold Flow Time :  4.17 hours  

1 5  JULY 1966 

Heated i n l e t  c o l d  flow c a l i b r a t i o n  cont inued  wi th  s a t i s f a c t o r y  p re -  

h e a t e r  performance ( T e s t  P o i n t s  57 through 59).  While T e s t  P o i n t  59 

w a s  be ing  r eco rded ,  i t  w a s  no ted  t h a t  a t o t a l  p r e s s u r e  probe a t  t h e  

d i f f u s e r  e x i t  was r ead ing  s t a t i c  p r e s s u r e .  The test  w a s  immediately 

t e rmina ted ,  and a check of t h e  i n s t r u m e n t a t i o n  r e v e a l e d  t h a t  two p r e s s u r e  

probes a t  t h i s  l o c a t i o n  had broken o f f  due t o  v i b r a t i o n  f a t i g u e .  It w a s  

a l s o  no ted  t h a t  seven  tempera ture  probes had r ece ived  i n t e r n a l  damage and 

had open thermocouple j u n c t i o n s .  

A t  300 l b / s e c  a i r f l o w ,  e x i t  nozz le  choked, and 585°F i n l e t  tempera- 

t u r e  ( t h e  t e s t  p o i n t  a t  which t h e  probes f a i l e d )  t h e  v i b r a t i o n  l e v e l  

i n d i c a t e d  by t h e  acce le romete r  a t  t h e  r i g  i n l e t  ( f i g u r e  D-3) r o s e  from 

41 t o  68 g ,  probably due t o  o p e r a t i o n  w i t h  supe r son ic  flow i n  t h e  

d i f f u s e r .  (The maximum d i f f u s e r  Mach number i n  an engine  i s  always 

l e s s  t h a n  approximate ly  0 .6 . )  

-I 

_j 

Cold Flow Time: 4.03 hours  
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1 6  THROUGH 25 JULY 1966 

The r i g  was d isassembled  t o  check f o r  f u r t h e r  damage and p r e p a r e  

f o r  t h e  f i r s t  combust ion t e s t s .  Three of t h e  e i g h t  I D  s u p p o r t  p l a t e s  

on t h e  d i f f u s e r  e x i t  w e r e  found t o  have s u f f e r e d  a f a t i g u e  f a i l u r e  i n  

t h e  weld a r e a .  The r e l a t i o n s h i p  of  t h e  s u p p o r t  p l a t e s  t o  t h e  d i f f u s e r  

e x i t  i s  shown i n  f i g u r e  D - 4 ,  and a c loseup  o f  t h e  f a i l u r e  i s  shown i n  

f i g u r e  D-5 .  

FE 61878 F i g u r e  D-4.  D i f f u s e r  Ex i t  Showing P o s i t i o n  
o f  F a i l e d  Suppor te r  P l a t e  

The d u c t  bu rne r  was a l s o  damaged. Three of t h e  twenty f i r e w a l l  

expans ion  p l a t e s  ( loca t ed  r a d i a l l y  on t h e  ups t ream s i d e  of  t h e  f i r e -  

w a l l )  had c racked  on one s i d e  ( f i g u r e  D-6). One f i r e w a l l  expans ion  

p l a t e  had cracked  on b o t h  s i d e s ,  had broken l o o s e ,  and had lodged  

i n  t h e  b u r n e r .  

D- 9 
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F i g u r e  D-5 .  D i f f u s e r  Support  P l a t e  Showing FE 61879 
Weld F a t i g u e  F a i l u r e  

F i g u r e  D-6. Ram-Induction Burner F i r e w a l l  FE 61880 
Expansion P l a t e  Showing F a t i g u e  
F a i l u r e  
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The c racked  d i f f u s e r  s u p p o r t  p l a t e s  were r e p a i r e d  by comple t e ly  

g r i n d i n g  o u t  t h e  c r a c k s  and reweld ing .  It was dec ided  n o t  t o  r e p a i r  

t h e  bu rne r  f i r e w a l l  because  o f  the complexi ty  o f  the o p e r a t i o n .  Rig  

assembly w i t h  h igh  f low Zone-2 f u e l  s p r a y b a r s  and t h e  sma l l  d i a m e t e r  

i n n e r  ex i t  nozz le  was completed by 25 J u l y .  

26 JULY 1966 

The d u c t  bu rne r  was i g n i t e d  f o r  t h e  f i r s t  t i m e .  (Tes t  P o i n t  60 o f  

t a b l e  D-2*.) The f i r s t  a t t e m p t  t o  i g n i t e  f a i l e d  due t o  a f u e l  f low 

t u r b i n e  me te r  overspeed a b o r t  caused  by a t i m e  d e l a y  i n  f i l l i n g  t h e  

fue l  mani fo ld  f o r  t h e  f i r s t  t i m e .  The b u r n e r  was i g n i t e d  on t h e  second 

a t t empt  and i g n i t i o n  occur red  a t  a f u e l / a i r  r a t i o  o f  approximate ly  

0.0004, s imul t aneous ly  w i t h  t h e  f i r s t  i n d i c a t e d  r i s e  i n  t h e  f u e l  mani fo ld  

p r e s s u r e .  The e x i t  n o z z l e  t o t a l  p r e s s u r e  change a t  i g n i t i o n  cou ld  n o t  

be  d e t e c t e d  on mercury manometers. 

The bu rne r  was a l s o  i g n i t e d  a t  Test  P o i n t s  61 and 64 .  T e s t  P o i n t  64 

r e p r e s e n t e d  a s imula t ed  c r u i s e  c o n d i t i o n  a t  low v a l u e s  o f  p r e s s u r e  and t e m -  

p e r a t u r e  (due t o  t h e  i n a b i l i t y  o f  t h e  f a c i l i t y  p r e h e a t e r  t o  m a i n t a i n  

d e s i r e d  i n l e t  t e m p e r a t u r e ) ,  a more d i f f i c u l t  i g n i t i o n  c o n d i t i o n  t h a n  

Cond i t ion  C .  I g n i t i o n  was i n s t a n t a n e o u s .  

Cold Flow Time: 4.36 hours  

Combustion T i m e :  0.72 hour 

27 JULY 1966 

A t e s t  was conducted t o  o b t a i n  performance d a t a  a t  s i m u l a t e d  c ru ise  

c o n d i t i o n s .  A maximum f u e l / a i r  r a t i o  of 0.016 was ob ta ined  a t  t h e  

d e s i r e d  p r e s s u r e  and flow. (Tes t  P o i n t  8 ) .  

T e s t i n g  was t e rmina ted  w i t h  a n  improper  shutdown procedure  , which 

r a p i d l y  c l o s e d  t h e  i n l e t  and e x i t  v a l v e s  t o  t h e  r i g .  Quench w a t e r  con- 

t i nued  t o  be  sprayed  i n t o  t h e  r i g  between t h e s e  v a l v e s ;  b e f o r e  t h e  w a t e r  

cou ld  be  tu rned  o f f  t h e  lower  h a l f  of t h e  r i g  was f i l l e d  w i t h  c o l d  w a t e r .  

The quench wa te r  v a l v e  was subsequen t ly  r ep laced  w i t h  a remote c o n t r o l  

*Table D - 2 ,  which g i v e s  combust ion performance d a t a  f o r  T e s t  
P o i n t s  6 0  th rough 6 1 2 ,  appea r s  a t  t h e  end o f  t h i s  Appendix. 
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v a l v e  and c o o r d i n a t e d  w i t h  t h e  a b o r t  system. Rig i n s p e c t i o n  r e v e a l e d  no 

a p p a r e n t  damage, a l t h o u g h  a m e t a l l u r g i c a l  change may have c o n t r i b u t e d  

t o  l a t e r  b u r n e r  f a i l u r e .  

Cold Flow Time :  2.84 hours  

Combustion Time: 0.68 hour 

29 JULY 1966 

The e x i t  nozz le  a r e a  was changed t o  a - t a i n  performance a t  a s,.nu a t e d  

c r u i s e  c o n d i t i o n  w i t h  a f u e l l a i r  r a t i o  o f  0.03. The b u r n e r  was i g n i t e d  

and a f u e l l a i r  r a t i o  o f  0.0266 was o b t a i n e d  b e f o r e  t h e  f a c i l i t y  e x h a u s t e r s  

r e c e i v e d  t o o  much w a t e r  and had t o  be s h u t  down. Another a t t e m p t  was 

made t o  choke t h e  e x i t  nozz le  w h i l e  running  h o t ,  b u t  t h e  same problem 

was encountered .  

Cold Flow Time: 4.33 hours  

Combustion T ime :  0.92 hour 

30 JULY 1966 

P o s t - t e s t  i n s p e c t i o n  showed t h e  o u t e r  c o o l i n g  l i n e r s  had s t a r t e d  t o  

form a s l i g h t  r i p p l e  a c r o s s  t h e  c o n v o l u t i o n  p e r p e n d i c u l a r  t o  t h e  a x i a l  

c e n t e r l i n e  ( f i g u r e  D - 7 ) .  This  r i p p l e  occurred  o n l y  on t h o s e  l i n e r s  

immediately downstream of e i t h e r  a Zone-2 f u e l  s p r a y b a r  mani fo ld  tee o r  

end s u p p o r t .  The l i n e r s  downstream of a n  end s u p p o r t  appeared t o  be 

g e t t i n g  h o t t e r  t h a n  t h o s e  behind a t ee .  

F i g u r e  D-8 shows warpage t h a t  occur red  i n  t h e  water -cooled  e x i t  

d u c t  upstream o f  t h e  quench water -spray  n o z z l e s .  Because t h i s  warpage 

occurred  j u s t  downstream o f  a window p o r t  th rough t h e  d u c t  w a t e r  j a c k e t ,  

an a d d i t i o n a l  w a t e r  supply  was added downstream. L a t e r  t e s t s  i n d i c a t e d  t h a t  

t h e  warpage may have been  caused by t h e  a d d i t i o n  of  a n o t h e r  w a t e r  l i n e  

connected t o  t h e  c o o l i n g  w a t e r  s u p p l y ,  which reduced t h e  l o c a l  f low 

r a t e  t o  t h e  water -cooled  e x i t  d u c t ,  

2 AUGUST 1966 

A t e s t  w a s  conducted t o  de te rmine  t h e  performance of t h e  d u c t  b u r n e r  

a t  a f u e l l a i r  r a t i o  of  0.03 a t  s i m u l a t e d  c r u i s e  c o n d i t i o n s .  Performance 

d a t a  were n o t  o b t a i n e d  (Tes t  P o i n t  7 4 ) ;  t h e  t e s t  was t e r m i n a t e d  due t o  

an i n o p e r a t i v e  w a t e r  pump i n  t h e  e x i t  d u c t  s p r a y - c o o l e r .  
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F i g u r e  D-7. O u t e r  Cool ing  L i n e r s  A f t e r  T e s t  FE 61881 
a t  a Fue l /Ai r  R a t i o  of 0.027 

F i g u r e  D-8 .  Warpage of Water-cooled D u c t  FE 61882 
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C a p a c i t o r s  had been i n s t a l l e d  i n  t h e  tempera ture  i n s t r u m e n t a t i o n  

s i g n a l  l i n e s  t o  t h e  au tomat i c  d a t a  r eco rd ing  CADDE system p r i o r  t o  t h e  

t es t  t o  f i l t e r  o u t  n o i s e ;  a check a t  ambient c o n d i t i o n s  showed good 

c o r r e l a t i o n  between t h e  v a l u e s  recorded  i n  t h e  c o n t r o l  room and t h o s e  

ob ta ined  wi th  t h e  CADDE system. During the  test, however, t h e r e  w a s  

disagreement  between t h e  two r e c o r d i n g  sys tems.  There w a s  a l s o  d i s a g r e e -  

ment i n  t h e  f u e l  and water measurements. 

Cold Flow Time: 3.08 hours  

Combustion Time:  0.50 hour 

3 AUGUST 1966 

A thorough checkout  w h i l e  t e s t i n g  a t  a f u e l / a i r  r a t i o  of 0.03 was 

cons ide red  t o  be t h e  on ly  exped ien t  way t o  c o r r e c t  t h e  i n s t r u m e n t a t i o n  

and f a c i l i t y  problems. C o r r e c t i o n  w a s  n e c e s s a r y  t o  a l low a l l  t h r e e  

f u e l  systems t o  o p e r a t e  a t  nominal flow r a t e s  and a l s o  t o  supp ly  t h e  

f a c i l i t i e s  w i th  t y p i c a l  c o n d i t i o n s .  

The maximum r i g  i n l e t  t empera ture  was reduced t o  550°F f o r  t h e  

remainder of t h e  t e s t  program because of  t he  performance l i m i t a t i o n s  of  

t h e  f a c i l i t y  p r e h e a t e r .  

The d isagreement  i n  l i q u i d  flow r a t e s  was t r a c e d  t o  t h e  presence  o f  

water  i n  a bulkhead connec to r  box 

and t h e  connec to r  box d r i e d .  The 

couples  i n  t h e  t e s t  c e l l  j u n c t i o n  

Cold Flow Time: 3.47 hours  

Combustion Time : 2.53 hours  

4 AUGUST 1966 

.i 

i n  t h e  t e s t  c e l l .  The w a t e r  was removed 

w i r i n g  of t h e  CADDE r e f e r e n c e  thermo- .1 - 
box was r e p a i r e d .  

An i n s t r u m e n t a t i o n  checkout  t es t  w a s  t e rmina ted  w h i l e  o n l y  t h e  

Zone-1 pr imary f u e l  w a s  be ing  used ( f u e l / a i r  r a t i o  = 0.0067) when an  

expansion j o i n t  i n  t h e  f a c i l i t y  e x i t  ductwork f a i l e d .  Temperature and 

coo l ing  water flow ra te  d a t a  ob ta ined  w i t h  t h e  CADDE and c o n t r o l  room 

reco rd ing  systems w e r e  found t o  c o r r e l a t e .  

Cold Flow Time: 2.44 hours  

Combustion T ime :  0.23 hour 

D - 1 4  



, 

"I 

i 
1 

i 
I 

t 

Pratt & Whitney aircraft 
PWA FR-2542 

5 AUGUST 1966 

It was v e r i f i e d  t h a t  a11  i n s t r u m e n t a t i o n  problems had been c o r r e c t e d ,  

Performance d a t a  were ob ta ined  a t  T e s t  P o i n t s  79 through 81. The 

f a c i l i t y  w a s  s h u t  down twice d u r i n g  t h e  tests because  of e x c e s s i v e  water 

i n  t h e  e x h a u s t e r s ;  a t  shutdown t h e  r i g  w a s  i n a d v e r t e n t l y  o v e r p r e s s u r i z e d  

t o  approx ima te ly  8 0  p s i a ,  a p p a r e n t l y  w i t h o u t  damage. 

Cold Flow Time :  2 .87 hours  

Combust i o n  T i m e  : 2.80 hours  

6 AUGUST 1966 

Performance d a t a  were ob ta ined  a t  T e s t  P o i n t s  83 and 84. Combustion 

i n s t a b i l i t y  occur red  a t  T e s t  P o i n t  84. The i n s t a b i l i t y  was d e t e c t e d  

a u d i b l y  and t h e n  observed on Kist ler  h igh- f requency  r e sponse  p r e s s u r e  

t r a n s d u c e r s .  The Zone-1 f u e l l a i r  r a t i o  was s e t  a t  0.01 and t h e  Zone-2 

f u e l l a i r  r a t i o  w a s  g r a d u a l l y  i n c r e a s e d  t o  0.019 when combust ion 

i n s t a b i l i t y  and a d u c t  b u r n e r  blowout occur red  (Tes t  P o i n t  8 6 ) .  

By c o n t r o l l i n g  t h e  quench w a t e r  and s t a g i n g  t h e  e x h a u s t e r s ,  i t  was 

p o s s i b l e  t o  o p e r a t e  t h e  f a c i l i t y  c o n t i n u o u s l y .  It was found t h a t  t h e  

quench w a t e r  supply  l i n e  was n o t  p r o p e r l y  s i z e d  f o r  t h e  a v a i l a b l e  

p r e s s u r e  and would n o t  d e l i v e r  t h e  r e q u i r e d  quench wa te r  f o r  t h e  

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

Cold Flow Time: 3.37 hours  

Combustion Time: 1 .58  hours  

9 AUGUST 1966 

Performance d a t a  were recorded  f o r  T e s t  P o i n t s  88 and 89 ,  w i t h  

combust ion i n s t a b i l i t y  a g a i n  o c c u r r i n g .  Data  were t h e n  o b t a i n e d  a t  

a Zone-1 f u e l l a i r  r a t i o  o f  0.01 and a Zone-2 f u e l / a i r  r a t i o  o f  0.016 

(Tes t  P o i n t  90) .  During t h e  t e s t ,  p r e h e a t e r  d i f f i c u l t y  caused  t h e  

r i g  i n l e t  t empera tu res  t o  be  g e n e r a l l y  l ess  t h a n  520°F. 

Cold Flow T i m e :  1 .50  hours  

Combustion Time:  1 .58 hours  
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1 0  THROUGH 1 7  AUGUST 1966 
1” 

S e v e r a l  o u t e r  c o o l i n g  l i n e r  s k i n  thermocouples  (exposed t o  t h e  

h i g h e s t  t e m p e r a t u r e s )  had become i n o p e r a t i v e  and t h e  r i g  was p a r t i a l l y  

d isassembled  f o r  i n s t r u m e n t a t i o n  r e p a i r  w h i l e  t h e  quench water s u p p l y  

l ine  m o d i f i c a t i o n s  w e r e  be ing  made. 

The ram-induct ion b u r n e r  was i n s p e c t e d .  F i g u r e  D-9 shows t h e  

r e l a t i v e  l o c a t i o n s  of  t h e  b u r n e r  components a s  w e l l  a s  t h e  numbering 

system used f o r  i d e n t i f i c a t i o n .  F i g u r e  D-10 shows warpage of t h e  b u r n e r  

f i r e w a l l  a t  t h e  OD between Zone-1 f u e l  n o z z l e s  25 and 26. Other  s e c t i o n s  

of  t h e  burner  showed some o v e r h e a t i n g  o f  t h e  f i r e w a l l  l i p ,  b u t  o n l y  

s l i g h t  d i s t o r t i o n  ( f i g u r e  D-16). A flow check of  Zone-1 f u e l  n o z z l e s  

25 and 26 v e r i f i e d  t h a t  t h e y  were w i t h i n  c a l i b r a t i o n  l i m i t a t i o n s .  

There was s l i g h t  b u r n i n g  on h a l f  t h e  No. 2 ( l o n g )  scoops i n  t h e  

primary l i n e r ;  burn ing  was l i m i t e d  t o  t h e  upstream edge and s i d e s  of 

t h e  t r u n c a t e d  scoops.  F i g u r e  D-10 shows t h e  most s e v e r e l y  burned scoops.  

TDC 

Long S m p  No. 16 
Fuel Nozzle No. 16 
Short sooOp No. 16 

Using the Same Numbering System: 

1. Swops in semndary panel are directly behind long aewps of primary liner. 
2. Vortex generators are directly behind short scwps of primary her .  

F i g u r e  D-9. Duct Burner Schematic  Showing FD 18092 
R e l a t i v e  L o c a t i o n  and Numbering 
System o f  Scoops and Zone-1 F u e l  
Nozzles 

“I 
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F i g u r e  D-10. Duct Burner F i r e w a l l  D i s t o r t i o n  FE 62639 

I 

i 
, i  

L. 

F i g u r e  D-11 shows t h e  c o n d i t i o n  o f  t h e  o u t e r  c o o l i n g  l i n e r s .  F i g -  

u r e  D-12 i s  a schemat ic  showing t h e  o u t e r  c o o l i n g  l i n e r  l o c a t i o n  and 

numbering system. Four of  t h e  o u t e r  c o o l i n g  l i n e r s ,  90 d e g r e e s  a p a r t ,  

were r e i n s t r u m e n t e d  w i t h  s k i n  thermocouples arc-welded t o  improve 

d u r a b i l i t y  ( o r i g i n a l l y ,  o n l y  2 l i n e r s  c o n t a i n e d  s k i n  thermocouples) .  

Four  l i n e r s ,  No. 1 9  through 2 2 ,  w e r e  p o l i s h e d  t o  p r o v i d e  a b a s e  f o r  a 

thermal  d i s c o l o r a t i o n  p a t t e r n .  

18 AUGUST 1966 

A t es t  a t  c r u i s e  i n l e t  c o n d i t i o n s  w a s  a t t e m p t e d ;  however, t h e  d u c t  

b u r n e r  r i g  f i l l e d  w i t h  water because t h e  quench w a t e r  was e r r o n e o u s l y  

t u r n e d  on b e f o r e  t h e  r i g  w a s  s u p p l i e d  w i t h  f a c i l i t y  a i r .  Although 

performance d a t a  could  n o t  be o b t a i n e d ,  i t  w a s  v e r i f i e d  t h a t  t h e  new 

supply  l i n e  s u b s t a n t i a l l y  i n c r e a s e d  t h e  quench water flow. 

Cold Flow Time: 1.67 hours  

D-17 
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Figure  D - 1 1 .  Outer  Cool ing L i n e r s  FE 62645 

Legend 

Tee = Spraybar Tee 
S = Spraybar Supports 
T = Liner Temperature Boss 
K Kistler Boss 
Psol = Static Pressure Outer Liner, 

Ptol = Total Pressure Outer Liner, 
Cooling Air 

Cooling Air 

View Looking Upstream 

F i g u r e  D-12.  Outer  Cool ing L i n e r  Schematic  FE 18093 
Showing R e l a t i v e  Loca t ion  
Numbering Sys tern and 
I n s  t rument a t i o n  
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1 9  THROUGH 23 AUGUST 1966 

A t e s t  a t t e m p t  on 1 9  August was te rmina ted  when t h e  24-in.  f a c i l i t y  

i n l e t  g a t e  v a l v e  could  n o t  be opened. Severa l  v a l v e  o p e r a t i n g  mechanisms 

were found t o  be damaged. 

24 AUGUST 1966 

T e s t  P o i n t  94 was se t  w i t h  t h e  e x i t  n o z z l e  unchoked. It  was found 

t h a t  t h e  newly ins t rumented  o u t e r  l i n e r  thermocouples i n d i c a t e d  tempera- 

t u r e s  300°F lower t h a n  i n  prev ious  tests; t h i s  w a s  a t t r i b u t e d  t o  t h e  new 

t y p e  thermocouple i n s t a l l a t i o n  used  t o  improve d u r a b i l i t y .  Data provided 

by t h e  o r i g i n a l  thermocouple i n s t a l l a t i o n  were c o n s i d e r e d  t o  be more 

a c c u r a t e .  

Performance d a t a  were o b t a i n e d  a t  Tes t  P o i n t  98. The f a c i l i t y  

was s h u t  down once due t o  e x c e s s i v e  w a t e r  c a r r y o v e r  t o  t h e  e x h a u s t e r s .  

Cold Flow T i m e :  3 .60  hours  

Combust i o n  Time : 1.73 hours  

25 AUGUST 1966 

A t e s t  was conducted t o  de te rmine  d u c t  b u r n e r  performance a t  a f u e l /  

a i r  r a t i o  o f  0.04. Data were recorded  a t  T e s t  P o i n t s  100 and 101, and 

combustion i n s t a b i l i t y  was a g a i n  encountered .  T e s t  P o i n t  102 was se t  and 

d a t a  recorded;  no combustion i n s t a b i l i t y  was e v i d e n t .  While t h e  Zone-2 

f u e l  f low was b e i n g  i n c r e a s e d  t o  r e a c h  T e s t  P o i n t  103,  a v i b r a t i o n  o f  

approximate ly  100 g was noted a s  combustion i n s t a b i l i t y  o c c u r r e d .  The 

t es t  was t h e n  t e r m i n a t e d .  

Cold Flow Time: 2.44 hours  

Combustion Time: 1 . 7 3  hours  

26 AUGUST THROUGH 31 OCTOBER 1966 

P o s t - t e s t  i n s p e c t i o n  showed that  some d u c t  b u r n e r  f i r e w a l l  segments 

had f a i l e d .  The r i g  was d isassembled  and t h e  ram-induct ion burner  

removed. Four  of  t h e  f i r e w a l l  a s s e m b l i e s  had broken o u t  o f  t h e  b u r n e r  

dome. F i g u r e  VII-12 shows a t y p i c a l  view a t  Zone-1 f u e l  n o z z l e  l o c a t i o n s  

7 and 8 .  S i m i l a r  f a i l u r e s  o c c u r r e d  a t  f u e l  n o z z l e  l o c a t i o n s  3 and 4 ,  

37 and 38, and 3 9  and 40. F a i l u r e s  were a t t r i b u t e d  t o  o v e r h e a t i n g  o f  

t h e  f i r e w a l l s  , which w e r e  a t t a c h e d  t o  r e l a t i v e l y  c o o l  s e c t i o n s .  

F i g u r e  V I I - 1 3  shows two s w i r l e r s  t h a t  f a i l e d .  

D-19 
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Due t o  excessive v i b r a t i o n s ,  s e v e n t e e n  of  the l i n e r  s u p p o r t  t a b s  

were t o r n  o u t  o f  t h e  pr imary l i n e r .  The most s e v e r e  f a i l u r e  is  shown 

i n  f i g u r e  VII-14, which a l s o  shows where t h e  primary l i n e r  c racked  

a d j a c e n t  t o  a l o n g  scoop.  

l i n e r s  were e i g h t  c r a c k s ,  s i m i l a r  t o  t h a t  shown i n  f i g u r e  VII-15. 

The o n l y  f a i l u r e s  i n c u r r e d  by t h e  secondary 

The dome and pr imary l i n e r  assembly w e r e  shipped t o  t h e  F l o r i d a  

Research and Development C e n t e r .  

A m e t a l l u r g i c a l  examinat ion  showed t h e  pr imary b u r n e r  s e c t i o n  m a t e r i a l  

t o  b e  n o n r e p a i r a b l e  and i t  was scrapped.  F a b r i c a t i o n  o f  a new primary 

b u r n e r  s e c t i o n  was i n i t i a t e d .  A redes igned  f i r e w a l l  s e c t i o n  w i t h  added 

c o o l i n g  s l o t s  and h o l e s  was i n c o r p o r a t e d  f o r  improved c o o l i n g  of  t h e  

b u r n e r  f i r e w a l l .  The I D  v o r t e x  g e n e r a t o r s  were modi f ied  as shown i n  

f i g u r e  VII-20 t o  s o l v e  t h e  h e a t i n g  problem encountered d u r i n g  previous  

t e s t i n g .  The c r a c k s  t h a t  occur red  on t h e  t r a i l i n g  edge of  t h e  secondary  

1 i n e r s  were w e  Id -repa i r e d .  

Seven o f  t h e  e i g h t  d i f f u s e r  s t r u t s  t h a t  suppor ted  t h e  b u r n e r  dome 

assembly had smal l  c r a c k s ,  t h e  w o r s t  of which i s  shown i n  f i g u r e  D - 1 3 .  

F i g u r e  D - 1 3 .  D i f f u s e r  S t r u t  Showing Crack FD 22555 

Three of  t h e  choked e x i t  nozz le  p r e s s u r e  

d e n t s  from t h e  f i r e w a l l  s e c t i o n s  t h a t  passed 

D-20 
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Two n o z z l e  p l u g s  a l s o  r e c e i v e d  s l i g h t  d e n t s .  The o u t e r  c o o l i n g  

l i n e r s  were n o t  changed i n  appearance from f i g u r e  D-11. 

A centerbody damping p l a t e  was f a b r i c a t e d  and i n s t a l l e d  between t h e  

i n l e t  nose  and t h e  d i f f u s e r  ( f i g u r e  V I I I - 6 )  t o  damp l o n g i t u d i n a l  p r e s s u r e  

o s c i l l a t i o n s  t h a t  might  have b e e n  p r e s e n t  i n  t h e  r i g  centerbody.  

R e s t r i c t i o n s  were p laced  a t  t h e  b l e e d  a i r  d i f f u s e r  e x i t  t o  e l i m i n a t e  

t h e  b l e e d  d i f f u s e r  s t a t i c  p r e s s u r e  r ise  ( f i g u r e  V I I I - 6 ) .  These res t r ic-  

t i o n s  were i n t e n d e d  t o  e l i m i n a t e  a p o s s i b l e  d r i v i n g  f o r c e  f o r  centerbody 

o s c i l l a t i o n s .  They would a l s o  s l i g h t l y  d e c r e a s e  t h e  i n n e r  c o o l i n g  l i n e r  

a i r f l o w .  

Two water -cooled  t r a v e r s i n g  t e m p e r a t u r e  and p r e s s u r e  probes ,  f i g -  

u r e  11-30, were i n s t a l l e d  i n  t h e  d u c t  b u r n e r  r i g  e x i t  n o z z l e  a t  l o c a t i o n s  

former ly  occupied by e i g h t - p o i n t  t o t a l  p r e s s u r e  r a k e s .  

Redesigned o u t e r  c o o l i n g  l i n e r s  i n c o r p o r a t i n g  a c o u s t i c  damping were 

i n s t a l l e d .  Four  o f  t h e s e  l i n e r s  were ins t rumented  w i t h  s k i n  thermocouples .  

Three o f  t h e  l i n e r s  had h o l e s  e n l a r g e d  t o  a c c e p t  dynamic p r e s s u r e  s e n s o r s .  

The replacement  d u c t  b u r n e r  was r e c e i v e d ,  s k i n  thermocouples were 

i n s t a l l e d  on t h e  modif ied b u r n e r  f i r e w a l l ,  and t h e  r i g  was assembled.  

1 AND 2 NOVEMBER 1966 

Cold flow t e s t s  (Tes t  P o i n t s  104 through 107)  were conducted a t  

s i m u l a t e d  b u r n e r  i n l e t  c o n d i t i o n s  t o  d e t e r m i n e  t h e  p r e s s u r e  l o s s  through 

t h e  new b u r n e r .  

Cold Flow T i m e :  4.58 hours  

4 NOVEMBER 1966 

Combustion t e s t i n g  w i t h  t h e  new b u r n e r  was i n i t i a t e d  a t  s i m u l a t e d  

c r u i s e  f u e l / a i r  r a t i o s  (Tes t  P o i n t s  1 0 9  and 110). 

Cold Flow Time: 4.17 hours  

Combustion T i m e :  1.00 hour  

9 NOVEMBER 1966 

Combustion i n s t a b i l i t y  o c c u r r e d  when t h e  o v e r a l l  f u e l / a i r  r a t i o  

was i n c r e a s e d  t o  0.035 (Tes t  P o i n t  1 1 5 ) .  The o b j e c t i v e  o f  T e s t  P o i n t s  

116 and 117 was t o  d e t e r m i n e  t h e  e f f e c t  o f  d i f f e r e n t  Zone-1 and Zone-2 



Pratt & Whitney Flircraft 
PWA FR-2542 

f u e l  f low s p l i t s ;  combustion i n s t a b i l i t y  occurred  a t  approximate ly  

440 Hz f requency  i n  b o t h  cases. 

Cold Flow T i m e :  1.75 hours  

Combust i o n  Time : 2 . 3 3  hours  

10 THROUGH 14 NOVEMBER 1966 

An a t t e m p t  t o  reduce  t h e  i n l e t  p r e s s u r e  f l u c t u a t i o n s  was made by 

i n s t a l l i n g  damping devices i n  t h e  f a c i l i t y  i n l e t  d u c t .  Before  t h e s e  

d e v i c e s  were i n s t a l l e d ,  a peak-to-peak p r e s s u r e  ampl i tude  of 1 t o  2 p s i  

w i t h  no predominant f requency  over  a range  up t o  a t  l e a s t  1600 Hz had 

been measured d u r i n g  30 p s i a  c o l d  f low.  The r i g  i n l e t  damping d e v i c e s  

c o n s i s t e d  of t h r e e  s t e e l  boxes ,  p e r f o r a t e d  t o  a c t  a s  Helmholtz 

r e s o n a t o r s ,  which were welded t o  t h e  i n l e t  d u c t  w a l l  between t h e  flow 

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

15 NOVEMBER 1966 

A c o l d  flow t e s t  was made t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  of t h e  damping 

d e v i c e s .  No u s e f u l  d a t a  w e r e  o b t a i n e d  because t h e  damping boxes f a i l e d  

s t r u c t u r a l l y .  P a r t s  of t h e  boxes passed through t h e  d i f f u s e r ,  c a u s i n g  

damage t o  p r e s s u r e  and tempera ture  i n s t r u m e n t a t i o n  ( f i g u r e  V I I I - 8 ) .  

Cold Flow Time: 1.33 hours  

1 7  NOVEMBER 1966 

I n  a f u r t h e r  a t t e m p t  t o  improve i n l e t  f low c o n d i t i o n s ,  t h e  f a c i l i t y  

i n l e t  j e t  v e l o c i t y  was reduced by i n c r e a s i n g  t h e  i n l e t  f low d i s t r i -  

b u t i o n  p l a t e  open a r e a  t o  about  550 s q .  i n ,  ( t h e  a r e a  had been about  

380 sq. i n . ) .  However, T e s t  P o i n t  122 ,  a t  an o v e r a l l  f u e l / a i r  r a t i o  

o f  0.035, i n d i c a t e d  no change i n  t h e  l eve l  o f  i n l e t  p r e s s u r e  f l u c t u a t i o n s  

o r  i n  combustion i n s t a b i l i t y ,  which a g a i n  o c c u r r e d .  Reduct ions i n  t h e  

i n l e t  p r e s s u r e  and Mach number (Test P o i n t s  124 and 1 2 7 )  a l s o  had l i t t l e  

e f f e c t  on i n l e t  p r e s s u r e  f l u c t u a t i o n s ,  i g n i t i o n ,  o r  combustion i n s t a b i l i t y  

c h a r a c t e r i s t i c s .  

The a r e a  change t o  t h e  flow d i s t r i b u t i o n  p l a t e  c r e a t e d  an  u n d e s i r a b l e  

c i r c u m f e r e n t i a l  p r o f i l e  a t  t h e  b u r n e r  i n l e t .  

Cold Flow Time: 2.75 hours  

Combustion Time: 2.67 hours  
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18 THROUGH 28 NOVEMBER 1966 

A d d i t i o n a l  p r e s s u r e  r e c o r d i n g  i n s t r u m e n t s ,  i n c l u d i n g  d i f f u s e r  b l e e d  

and centerbody p r e s s u r e  t r a n s d u c e r s ,  were added a s  shown i n  f i g u r e  VII I -9 .  

29 NOVEMBER 1966 

A combustion t e s t  was made (Tes t  P o i n t  131) w i t h  t h e  r e v i s e d  p r e s s u r e  

i n s t r u m e n t a t i o n , f i g u r e  VII I -9 .  P r e s s u r e  o s c i l l a t i o n s  were measured i n  t h e  

centerbody having t h e  same ampl i tude  and frequency a s  t h o s e  measured i n  

t h e  i n l e t  d u c t .  

Cold Flow Time: 1 .17 hours  

Combustion T i m e :  0.84 hour 

1 DECEMBER 1966 

A r i g  t e s t  was conducted w i t h  r a d i a l  f i n s  i n s t a l l e d  i n  t h e  r i g  

centerbody o v e r  t h e  d i f f u s e r  b l e e d  a i r  d i s c h a r g e  openings ( f i g u r e  V I I I - 1 0 )  

i n  an endeavor t o  s u p p r e s s  p o s s i b l e  t r a n s v e r s e  o s c i l l a t i o n s .  Combustion 

i n s t a b i l i t y  occurred  when a f u e l l a i r  r a t i o  o f  0,035 was reached (Test 

P o i n t  134) .  The r a d i a l  f i n s  had no observed e f f e c t  on t h e  p r e s s u r e  

o s c i l l a t i o n s  i n  t h e  d u c t .  

For  t h e s e  t e s t s  t h e  f low d i s t r i b u t i o n  p l a t e  open a r e a  was decreased  

t o  450 s q .  i n .  C i r c u m f e r e n t i a l  p r o f i l e  a t  b u r n e r  i n l e t  was s t i l l  u n s a t -  

i s f a c t o r y .  

Cold Flow Time: 1 . 2 5  hours  

Combustion Time: 0.67 hour  

2 THROUGH 7 DECEMBER 1966 

The r a d i a l  f i n s  were removed. The d i f f u s e r  b l e e d  a i r  d i s c h a r g e  was 

b locked  o f f  and a h o l e  c u t  i n  t h e  i n l e t  cen terbody nose t o  p r o v i d e  c o o l i n g  

a i r  f o r  t h e  i n n e r  c o o l i n g  l i n e r .  I n  an a t t e m p t  t o  f u r t h e r  improve t h e  

i n l e t  f low c o n d i t i o n s ,  t h e  flow d i s t r i b u t i o n  p l a t e  was removed. 

8 DECEMBER 1966 

A t es t  showed t h a t  t h e  i n l e t  f low c o n d i t i o n s  had been improved. The 

c i r c u m f e r e n t i a l  d i s t o r t i o n  w a s  p r a c t i c a l l y  e l i m i n a t e d  and a v e r y  f l a t  

r i g  i n l e t  r a d i a l  v e l o c i t y  p r o f i l e  w a s  recorded .  Peak-to-peak p r e s s u r e  

ampl i tudes  o f  approximate ly  1 p s i ,  w i t h  no predominant f requency  up t o  

D-23 
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1600 Hz, were recorded .  Mechanical v i b r a t i o n s  o f  t h e  b u r n e r  were reduced 

( f i g u r e  V I I I - 1 1 ) .  

f u e l l a i r  r a t i o  o f  0.035 ( T e s t  P o i n t  139) .  By i n c r e a s i n g  t h e  f u e l l a i r  

r a t i o  o f  Zone-1 t o  0.025, an  o v e r a l l  f u e l l a i r  r a t i o  o f  0.038 was reached 

b e f o r e  combustion i n s t a b i l i t y  occurred  (Test  P o i n t  1 4 0 ) .  These t e s t s  

showed t h a t  t h e  d i f f u s e r  b l e e d  flow d i d  n o t  have a s i g n i f i c a n t  e f f e c t  on 

t h e  occurrence  of  combustion i n s t a b i l i t y .  

Combustion i n s t a b i l i t y  a g a i n  o c c u r r e d  w i t h  an o v e r a l l  

Cold Flow Time: 1.18 hours  

Combustion Time: 0.82 hour  

9 THROUGH 15 DECEMBER 1966 

The d i f f u s e r  was r e s t o r e d  t o  t h e  o r i g i n a l  c o n f i g u r a t i o n  o f  1 November. 

The I D  and OD v o r t e x  g e n e r a t o r s  were removed from t h e  d u c t  b u r n e r  t o  de-  

te rmine  t h e  e f f e c t  of t h e  v o r t e x  g e n e r a t o r s  on burner  performance and com- 

b u s t i o n  i n s t a b i l i t y .  Analys is  of  p r e v i o u s  t e s t s  i n d i c a t e d  t h a t  b u r n e r  

o p e r a t i o n  a f f e c t e d  t h e  combustion s t a b i l i t y  c h a r a c t e r i s t i c s  whenever t h e  

Zone-2 f u e l l a i r  r a t i o  s i g n i f i c a n t l y  exceeded 0.010. 

1 6  DECEMBER 1966 

A t e s t  was conducted a t  reduced a i r f l o w  and p r e s s u r e  l e v e l s  because 

t h e  f a c i l i t y  f u e l  supply  sys tem could n o t  d e l i v e r  t h e  f low r a t e  r e q u i r e d  t o  

t e s t  a t  f u e l l a i r  r a t i o s  g r e a t e r  t h a n  0.04 w i t h  t h e  s t a n d a r d  276 l b / s e c  

a i r f l o w .  Performance d a t a  were o b t a i n e d  a t  o v e r a l l  f u e l l a i r  r a t i o s  of 

0.044 and 0.049 (Test  P o i n t s  147 and 148)  w i t h  no  combustion i n s t a b i l i t y  

o c c u r r i n g .  This  was t h e  f i r s t  t i m e  t h e  d u c t  burner  had been t e s t e d  a t  

o v e r a l l  f u e l l a i r  r a t i o s  over  0.038. 

This  t es t  showed t h a t  h i g h  combustion e f f i c i e n c y  a t  h i g h  f u e l l a i r  

r a t i o s  could  b e  o b t a i n e d  w i t h o u t  combustion i n s t a b i l i t y  by a l t e r i n g  t h e  

Zone-2 combustion r e g i o n .  

Cold Flow Time: 2.22 hours  

Combust i o n  Time : 1 . 9  0 hours  

1 7  DECEMBER 1966 

A p o s t - t e s t  i n s p e c t i o n  showed t h a t  t h e  c e n t e r b o d y  s t r u c t u r e  and t h e  

i n n e r  c o o l i n g  l i n e r  had burned.  Damage w a s  i n c u r r e d  downstream of a 

f u e l  l e a k  a t  t h e  I D  Zone-2 s p r a y b a r  connec t ion  a t  142 deg ( f i g u r e  D - 3 1 ) .  

There w a s  no o u t e r  l i n e r  damage due t o  o v e r h e a t i n g .  L i n e r  No. 3 1  w a s  
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d e n t e d ,  probably by a fragment o f  t h e  burned i n n e r  l i n e r .  The burned 

centerbody s t r u c t u r a l  member and i n n e r  c o o l i n g  l i n e r  a re  shown i n  

f i g u r e s  D-14 and V I I - 1 0 .  

s e v e r a l  c r a c k s  a t  t h e  t r a i l i n g  edge i n  t h e  v i c i n i t y  o f  welds .  

The r e a r  OD combustor l i n e r  had developed 

F i g u r e  D-14. Centerbody Burned Area 

18 DECEMBER 1966 THROUGH 6 FEBRUARY 1967 

FE 66618 

The i n n e r  c o o l i n g  l i n e r  was r e p a i r e d  and modif ied t o  i n c o r p o r a t e  an 

a c o u s t i c a l  damper ( f i g u r e  I V - 2 3 ) .  This  i s  e x p l a i n e d  i n  more d e t a i l  i n  

S e c t i o n  I V .  

Nozzle s e a l  p l a t e s  were f a b r i c a t e d  t o  a l l o w  t h e  s p r a y b a r s  and f u e l  

l i n e s  t o  be p r e s s u r i z e d  f o r  l e a k  checks a f t e r  i n s t a l l a t i o n  i n  t h e  r i g .  

The secondary OD combustor l i n e r  was modif ied by c u t t i n g  away t h e  

t r a i l i n g  edge on 2 0  o f  t h e  r e a r  scoops ( f i g u r e  V I I - 2 1 )  t o  p r e v e n t  c r a c k s  

from o c c u r r i n g  a t  t h e  t r a i l i n g  edge n e a r  t h e  welds .  
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6% 

Four a d d i t i o n a l  I D  Zone-2 s p r a y b a r  s u p p o r t s  were f a b r i c a t e d  and 

i n s t a l l e d  between t h e  tee  and end s u p p o r t s  ( f i g u r e  VII-22) .  These addi -  

t i o n a l  s u p p o r t s  w e r e  n e c e s s a r y  t o  p r e v e n t  s l i g h t  s p r a y b a r  bowing, 

which had been  observed fo l lowing  previous  t es t s .  

A l l  f u e l  and w a t e r  flow measuring t u r b i n e  meters were s e n t  t o  t h e  

F l o r i d a  Research and Development Center  f o r  c a l i b r a t i o n .  

The r i g  was assembled w i t h  t h e  new i n n e r  damping l i n e r  ( f i g u r e  11-18) 

and w i t h  t h e  v o r t e x  g e n e r a t o r s  removed. 

8 FEBRUARY 1967 

A t es t  w a s  conducted a t  low f u e l l a i r  r a t i o s ,  0.015 t o  0.023, a t  a 

s i m u l a t e d  c r u i s e  c o n d i t i o n  t o  check o u t  t h e  f a c i l i t y  and o b t a i n  burner  

performance. Data  were o b t a i n e d  a t  T e s t  P o i n t s  149 through 158 w i t h  Zone-1 

f u e l  i n j e c t i o n  o n l y .  

Cold Flow Time: 1.36 hours  

Combustion Time: 1.47 h o u r s  

9 FEBRUARY 1967 

A t e s t  a t  t h e  t r a n s o n i c  climb c o n d i t i o n  w a s  conducted w i t h  t h e  v o r t e x  

g e n e r a t o r s  removed. Performance d a t a  were n o t  o b t a i n e d  because of com- 

b u s t i o n  i n s t a b i l i t y  (Test P o i n t s  160  through 162,  1 6 5 ,  167 ,  and 170 

through 1 7 3 ) .  Combustion i n s t a b i l i t y  was encountered  when an  o v e r a l l  

f u e l l a i r  r a t i o  o f  0.02 was reached.  Changes of  t h e  Zone-1 pr imary and 

secondary f u e l  flow s p l i t  had no n o t i c e a b l e  e f f e c t  on t h e  i n s t a b i l i t y .  

When t h e  Zone-1 f u e l l a i r  r a t i o  remained r e l a t i v e l y  h i g h ,  t h e  a d d i t i o n  

of a s m a l l  amount o f  Zone-2 f u e l  a l s o  produced i n s t a b i l i t y .  However, 

when t h e  Zone-1 f u e l l a i r  r a t i o  w a s  reduced t o  0.014, t h e  Zone-2 f u e l  

f low c o u l d  be i n c r e a s e d  u n t i l  a n  overal l  f u e l l a i r  r a t i o  of 0.043 w a s  

o b t a i n e d  b e f o r e  i n s t a b i l i t y  w a s  d e t e c t e d .  I n s t a b i l i t y  may have occurred  

a t  a lower f u e l l a i r  r a t i o ,  b u t  i t  was n o t  recorded .  Audible  i n s t a b i l i t y  

occurred  a t  a f u e l l a i r  r a t i o  of approximate ly  0.016 when t h e  i n l e t  

p r e s s u r e  and tempera ture  were reduced t o  10 p s i a  and 200°F (Tes t  P o i n t s  

167 and 1 7 3 ) .  I n c r e a s i n g  t h e  i n l e t  t empera ture  t o  480°F r a i s e d  t h e  

i n s t a b i l i t y  t h r e s h o l d  and allowed a f u e l l a i r  r a t i o  o f  0.05 t o  b e  a t t a i n e d .  

(Tes t  P o i n t  165) .  

Cold Flow Time: 3.47 h o u r s  

Combus t i o n  Time : 1.9 0 h o u r s  
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1 0  FEBRUARY 1967 

A t es t  was conducted a t  h igh  f u e l l a i r  r a t i o s ,  0.033 t o  0 .050 ,a t  t h e  

s i m u l a t e d  c r u i s e  c o n d i t i o n ,  and performance d a t a  were o b t a i n e d  a t  T e s t  

P o i n t s  1 7 5  through 185.  

Cold Flow Time: 2.20 hours 

Combus t i o n  T i m e  : 2.35 hours  

1 3  AND 14 FEBRUARY 1967 

The v o r t e x  g e n e r a t o r s  were r e i n s t a l l e d  t o  a l l o w  d e t e r m i n a t i o n  of 

i n n e r  damping l i n e r  e f f e c t i v e n e s s .  

15 FEBRUARY 1967 

A t e s t  w a s  conducted a t  t h e  s i m u l a t e d  c r u i s e  c o n d i t i o n .  Audible  

i n s t a b i l i t y  occurred  w i t h  a n  o v e r a l l  f u e l l a i r  r a t i o  of  0.03 ( T e s t  P o i n t s  

188 and 1 9 2 ) .  An i n a u d i b l e  i n s t a b i l i t y  was d e t e c t e d  w i t h  a f u e l l a i r  

r a t i o  o f  0.025 r e g a r d l e s s  o f  t h e  f u e l  f low d i s t r i b u t i o n  ( T e s t  P o i n t s  

187 and 193) .  A t  a f u e l l a i r  r a t i o  of  0.02 (Tes t  P o i n t  191)  some p r e s s u r e  

o s c i l l a t i o n s  were d e t e c t e d .  The recorded  f r e q u e n c i e s  were somewhat 

lower t h a n  t h e  normal 1700 Hz a t  c o l d  flow,and t h e  wave form w a s  n o t  f u l l y  

e s t a b l i s h e d .  This  w a s  c o n s i d e r e d  a m a r g i n a l l y  s t a b l e  c o n d i t i o n .  I n s t a -  

b i l i t y  was a l s o  d e t e c t e d  a t  t h e  t r a n s o n i c  c l imb tes t  c o n d i t i o n  (Tes t  

P o i n t  190) .  R e s u l t s  o f  t h i s  t e s t  showed t h a t  t h e  i n n e r  damping l i n e r  d i d  

have some e f f e c t  on t h e  i n s t a b i l i t y  c h a r a c t e r i s t i c s .  The damper was designed 

t o  s u p p r e s s  n o i s e  i n  t h e  450 Hz r a n g e ,  and no n o i s e  w a s  recorded a t  t h a t  

f requency.  The v o r t e x  g e n e r a t o r s  appeared t o  be a s s o c i a t e d  w i t h  t h e  

i n s t a b i l i t y  a t  t h e  c r u i s e  c o n d i t i o n ,  b u t  n o t  a t  t h e  t r a n s o n i c  c l imb 

c o n d i t i o n .  

Cold Flow Time: 2 .31  hours  

Combustion Time: 0.82 hour  

1 6  THROUGH 24 FEBRUARY 1967 

I n s p e c t i o n  o f  t h e  b u r n e r  showed burn ing  o f  t h e  pr imary  and secondary 

OD l i n e r  scoops downstream o f  f u e l  n o z z l e  36 ( f i g u r e s  VII-23 and VII -24) .  

The b u r n e r  was removed and r e p a i r e d  ( f i g u r e  VII-25) .  Zone-1 f u e l  n o z z l e  

No. 36 ( f i g u r e  D-9) was found t o  have a cracked secondary t u b e  ( f i g u r e  D-15); 
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t h e  bu rne r  scoop b u r n i n g  was caused by t h e  r e s u l t i n g  f u e l  l e a k .  Zone-1 

f u e l  nozz le  N o .  20 had a s l i g h t  secondary  tube  c r a c k ;  however, t h e  l e a k  

was minor and no damage occur red .  Th i r ty - seven  pr imary  f u e l  nozz le  

a s sembl i e s  were r e t u r n e d  t o  t h e  manufac tu re r  f o r  a 1000-ps i  h y d r a u l i c  

p r e s s u r e  check.  Necessary s e a l  changes were made and t h e  nozz le  a s sembl i e s  

were r e t u r n e d  and i n s t a l l e d .  The two f u e l  nozz le  a s sembl i e s  w i t h  

cracked secondary  tubes  were r e p a i r e d .  

F i g u r e  D - 1 5 .  Cracked Zone-1 Fuel  Nozzle 
Support  Secondary Tube 

FE 67936 

During r i g  reassembly ,  t h e  o u t e r  b u r n e r  case w i t h  t h e  a t t a c h e d  

secondary  bu rne r  pane l  w a s  r o t a t e d  c lockwise  by one b o l t  h o l e .  A s  a 

r e s u l t ,  the OD secondary  bu rne r  pane l  scoops no longer  opposed t h e  I D  

scoops ;  t h e y  were a l i g n e d  a x i a l l y  wi th  t h e  f r o n t  pr imary scoops ,  r a t h e r  
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t h a n  t h e  r e a r  primary scoops.  

i n  f i g u r e  VIII-12. The v o r t e x  g e n e r a t o r s  were n o t  i n s t a l l e d .  These changes 

were made t o  r e d i s t r i b u t e  t h e  burner  a i r f l o w  and de termine  i f  t h i s  had 

a n  e f f e c t  on combustion s t a b i l i t y .  

25 FEBRUARY 1967 

The r e l a t i v e  scoop l o c a t i o n s  were shown 

A t e s t  was conducted a t  t h e  t r a n s o n i c  c l imb c o n d i t i o n .  I n s t a b i l i t y  

occurred  a t  a f u e l / a i r  r a t i o  o f  0.018 (Tes t  P o i n t  195) .  T h i s  t e s t  shoved 

t h a t  r o t a t i o n  of  t h e  o u t e r  secondary  b u r n e r  pane l  had l i t t l e  e f f e c t  on  

combustion s t a b i l i t y  a t  t h e  t r a n s o n i c  c l imb c o n d i t i o n .  

Cold Flow Time: 1.18 h o u r s  

Combust i o n  T i m e  : 2.12 hours  

27 FEBRUARY 1967 

A tes t  w a s  conducted a t  t h e  t r a n s o n i c  c l imb c o n d i t i o n  t o  check t h e  

e f f ec t  o f  i n c r e a s i n g  t h e  d u c t  r e f e r e n c e  Mach number. I n s t a b i l i t y  i n i t i a l l y  

occurred  a t  a f u e l / a i r  r a t i o  o f  0.015 (Tes t  P o i n t  197) .  T e s t s  w i t h  t h e  

Mach number i n c r e a s e d  t o  0.180 r e s u l t e d  i n  burner  v e l o c i t i e s  t o o  h i g h  t o  

s u s t a i n  combustion. The i n l e t  t empera ture  w a s  i n c r e a s e d  t o  400°F and 

i n s t a b i l i t y  occurred  a t  a f u e l / a i r  r a t i o  o f  0.019 (Tes t  P o i n t  201) .  The 

Mach number was i n c r e a s e d  t o  0.160 and i n s t a b i l i t y  o c c u r r e d  a t  a f u e l /  

a i r  r a t i o  o f  0.020 (Test  P o i n t  203). During t h i s  t e s t  a high-frequency 

response  p r e s s u r e  pickup was i n s t a l l e d  i n  t h e  Zone-1 pr imary f u e l  mani- 

f o l d  t o  d e t e r m i n e  i f  any  r e l a t i o n s h i p  e x i s t e d  between f u e l  p r e s s u r e  

o s c i l l a t i o n s  and combustion i n s t a b i l i t y .  Peak-to-peak p r e s s u r e  o s c i l l a -  

t i o n s  of 8 p s i  were recorded  a t  b o t h  s t a b l e  and u n s t a b l e  combustion 

c o n d i t i o n s ,  i n d i c a t i n g  no such  r e l a t i o n s h i p  i n  t h i s  i n s t a n c e .  

Cold Flow Time: 2.41 hours  

Combust i o n  T i m e  : 1.02 hours  

28 FEBRUARY THROUGH 2 MARCH 1967 

The Zone-1 f u e l  n o z z l e s  were removed f o r  s t r u c t u r a l  s t r e n g t h e n i n g  

t o  add a d d i t i o n a l  s u p p o r t  t o  t h e  supply  t u b e s  ( f i g u r e  VII-26). Two Zone-1 

secondary  t u b e s  had f a i l e d  d u r i n g  t e s t i n g  i n  February .  
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3 AND 6 MARCH 1967 

Cold f low t e s t s  were conducted t o  check  and c a l i b r a t e  t h e  a i r f l o w  

measuring o r i f i c e  d i f f e r e n t i a l  p r e s s u r e s .  

Cold Flow Time: 5.88 h o u r s .  

7 THROUGH 22 MARCH 1967 

The r i g  was d isassembled  and t h e  b u r n e r  secondary  p a n e l s  removed. 

The i n n e r  and o u t e r  secondary  l i n e r s  were modi f ied  by c u t t i n g  away t h e  

t r a i l i n g  edge of  t h e  rear scoops .  This  m o d i f i c a t i o n  had been i n c o r -  

p o r a t e d  i n  January  on h a l f  t h e  o u t e r  scoops as a remedy f o r  l o c a l  

c r a c k i n g .  The o r i g i n a l  scoops c o n t i n u e d  t o  c r a c k  w h i l e  t h e  modi f ied  

scoops d i d  n o t ,  showing t h a t  t h e  m o d i f i c a t i o n  was s a t i s f a c t o r y .  The 

r i g  was reassembled w i t h o u t  t h e  v o r t e x  g e n e r a t o r s  and w i t h  blockage 

p l a t e s  i n s e r t e d  i n  t h e  i n n e r  and o u t e r  a n n u l i  s u r r o u n d i n g  t h e  d u c t  b u r n e r  

( f i g u r e  VII I -13)  t o  c r e a t e  a d d i t i o n a l  p r e s s u r e  drop through t h e  r i g .  The 

purpose of  t h i s  m o d i f i c a t i o n  was t o  t e s t  t h e  e f f e c t  o f  changing t h e  

f a c i l i t y / r i g  i n t e r f a c e  p r e s s u r e  drop.  

approximate ly  h a l f  t h e  annulus  h e i g h t  and t h e  p l a t e  blocked approximately 

25% o f  t h e  annulus .  

The blockage p l a t e  h e i g h t  was 

23 MARCH 1967 

A t e s t  was conducted a t  s i m u l a t e d  t r a n s o n i c  c l imb c o n d i t i o n s  a t  1 0  

Combustion i n s t a b i l i t y  o c c u r r e d  a t  T e s t  P o i n t s  207, 209, and 1 5  p s i a .  

and 210. The blockage p l a t e  i n c r e a s e d  t h e  i s o t h e r m a l  b u r n e r  p r e s s u r e  

drop from 3 .5  t o  6.25% a t  a d u c t  r e f e r e n c e  Mach number of 0.139. 

Cold Flow Time: 3.06 h o u r s  

Combustion Time: 0.27 h o u r  

24 MARCH 1967 

The Zone-1 secondary  f u e l  s u p p l y  of  every  o t h e r  n o z z l e  w a s  blocked 

o f f  t o  de te rmine  t h e  e f f e c t  of changing t h e  c i r c u m f e r e n t i a l  f u e l  d i s -  

t r i b u t i o n  w i t h  t h e  b u r n e r  blockage p l a t e s  i n s t a l l e d  i n  t h e  r i g .  

A t e s t  w a s  conducted a t  t h e  t r a n s o n i c  c l imb c o n d i t i o n  and w i t h  a 

Zone-1 pr imary f u e l / a i r  r a t i o  of 0.006. The Zone-1 secondary  f u e l  f low 

was i n c r e a s e d  t o  a n  o v e r a l l  f u e l / a i r  r a t i o  of  0.015 when i n s t a b i l i t y  
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217, 219 and 222 were run i n  a 

f u e l l a i r  r a t i o  s e t  a t  0.010, 

0.012, and 0.004, r e s p e c t i v e l y .  The f u e l  flow s p l i t s  w e r e  found t o  have 

l i t t l e  e f f e c t  on t h e  i n s t a b i l i t y  t h r e s h o l d .  

The Zone-1 pr imary f u e l  flow was then  s h u t  o f f  and t h e  burner  i g n i t e d  

on the  Zone-1 secondary  f u e l  f low. This  r e s u l t e d  i n  f u e l  be ing  i n j e c t e d  

o n l y  through eve ry  o t h e r  nozz le  (20  i n s t e a d  of t h e  r e g u l a r  40) .  

f a c t o r y  i g n i t i o n  occurred  and t h e  Zone-1 secondary  f u e l l a i r  r a t i o  w a s  

i nc reased  t o  0.02 w i t h  s t a b l e  combustion. The Zone-2 f u e l  flow w a s  

i nc reased  u n t i l  a n  o v e r a l l  f u e l l a i r  r a t i o  of 0.045 w a s  a t t a i n e d  ( T e s t  

P o i n t  228) w i t h  i n d i c a t i o n s  of  l o n g i t u d i n a l  i n s t a b i l i t y  deve loping .  

S a t i s -  

Cold Flow T i m e :  1.18 hours  

Combust i on  T ime  : 2.12 hours  

25 THROUGH 28  MARCH 1967 

The burner  blockage p l a t e s  were removed and a 

cl imb t e s t  a t  15 p s i a  was conducted on 28 March. 

s imula t ed t r a n s o n i c  

The Zone-1 pr imary 

f u e l l a i r  r a t i o  w a s  set a t  0.014, 0.010, and 0.007, and t h e  Zone-1 secondary  

f u e l  flow (every  o t h e r  Zone-1 nozz le )  w a s  i nc reased  u n t i l  combustion 

i n s t a b i l i t y  occurred  a t  a n  o v e r a l l  f u e l l a i r  r a t i o  of  approximate ly  0.017 

(Test  P o i n t s  234, 235 and 244, r e s p e c t i v e l y ) .  These p o i n t s  showed l i t t l e  

change i n  i n s t a b i l i t y  l i m i t s  when compared t o  t h e  24 March tes t  (wi th  

t h e  bu rne r  blockage p l a t e s  i n s t a l l e d ) ,  a l t hough  t h e  frequency w a s  

changed. 

The Zone-1 primary f u e l j a i r  r a t i o  was reduced t o  ze ro  and t h e  Zone-1 

secondary  (every  o t h e r  Zone-1 nozz le  i n  t h i s  t e s t )  was se t  a t  f u e l l a i r  

r a t i o s  of 0.02, 0.022, and 0.016 (with o v e r a l l  f u e l l a i r  r a t i o s  i n c r e a s e d  

t o  0.037, 0.028 and 0.046, r e s p e c t i v e l y ,  w i t h  Zone-2 augmenta t ion)  when 

i n s t a b i l i t y  occurred  ( T e s t  P o i n t s  239, 243, and 245). Although i n s t a -  

b i l i t y  f r equenc ie s  were d i f f e r e n t  i n  T e s t  P o i n t s  239, 243 and 245, t h e  

same b a s i c  95-Hz frequency was s e e n  a t  a f u e l l a i r  r a t i o  o f  0.044 a s  t h a t  

s een  i n  T e s t  P o i n t  228 ( f u e l / a i r  r a t i o  = 0.045) when t h e  b u r n e r  blockage 

p l a t e s  were i n s t a l l e d .  During t h i s  t e s t ,  dynamic p r e s s u r e  in s t rumen ta -  

t i o n  was i n s t a l l e d  on t h e  Zone-l secondary  f u e l  

mounted on t h e  t e s t  r i g  a t  t h e  t o p  and bottom. 

man i fo ld ,  e n c i r c l i n g  and 

The d a t a  from t h e  t e s t  
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showed t h e  f u e l  t o  have maximum peak-to-peak p r e s s u r e  ampl i tudes  o f  4% 

of  t h e  mean mani fo ld  p r e s s u r e  a t  f r e q u e n c i e s  o f  200, 600, and 800  Hz. 

Cold Flow Time: 1.58 hour s  

Combus t i o n  T ime  : 2.00  hours  

29 MARCH 1967 

A t es t  w a s  a t t empted  a t  s imula t ed  t r a n s o n i c  c l imb c o n d i t i o n s  b u t  was 

t e rmina ted  due t o  a f u e l  l e a k  i n  a c racked  weld i n  t h e  bypass  l i n e  i n  t h e  

Zone-2 f u e l  sys tem.  

Cold Flow Time: 1.67 hours 

Combustion Time:  0.25 hour  

30 MARCH 1967 

The f u e l  sys tem c r a c k  w a s  we ld - repa i r ed  and t e s t i n g  was con t inued  

a t  s i m u l a t e d  t r a n s o n i c  c l imb c o n d i t i o n s  w i t h  t h e  same r i g  c o n f i g u r a t i o n  

a s  i n  t h e  p rev ious  t e s t .  With 1 5 - p s i a  i n l e t  c o n d i t i o n s ,  t h e  20 Zone-1 

secondary f u e l  n o z z l e s  were s e t  t o  p rov ide  f u e l / a i r  r a t i o s  o f  0.013, 

0.010, and 0.007 (wi th  o v e r a l l  f u e l / a i r  r a t i o s  o f  0.041, 0.040, and 

0.028, r e s p e c t i v e l y ,  w i t h  Zone-2 augmenta t ion)  b e f o r e  i n s t a b i l i t y  

occurred  (Test P o i n t s  249, 251 and 252).  T e s t  P o i n t s  256 and 257 showed 

t h e  e f f e c t  on s t a b i l i t y  l i m i t s  o f  t e s t i n g  w i t h  t h e  40  Zone-1 f u e l  n o z z l e s .  

T e s t  P o i n t s  260 through 270 were made a t  10 p s i a .  Combustion i n s t a b i l i t y  

occur red  w i t h  a Zone-1 pr imary f u e l / a i r  r a t i o  o f  0.015 (Tes t  P o i n t  263).  

Higher  f u e l / a i r  r a t i o s  were ob ta ined  by r educ ing  t h e  Zone-1 pr imary f u e l / a i r  

r a t i o  and augmenting w i t h  Zone-2 (Tes t  P o i n t s  262 and 270). Var ious  Zone-1 

pr imary and secondary  f u e l  flow s p l i t s  were t e s t e d  (Tes t  P o i n t s  264, 265 

and 266) w i t h  i n s t a b i l i t y  o c c u r r i n g  a t  a f u e l / a i r  r a t i o  o f  approximate ly  

0.017. Higher  f u e l l a i r  r a t i o s  were achieved  by f lowing  f u e l  th rough t h e  

Zone-1 secondary n o z z l e s  (20 n o z z l e s  i n  t h i s  t e s t )  and through Zone-2. 

T e s t  P o i n t s  260, 261, 267, 268 and 269 show t h e  resu l t s  o f  t h e s e  tests. 

Cold Flow Time:  3.43 hour s  

Combustion Time: 4.12 hours  

I 

A i 
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31 MARCH THROUGH 1 2  APRIL 1967 

The r i g  was d isassembled  t o  modify t h e  d i f f u s e r  t o  p rov ide  h i g h e r  

p r e s s u r e  drop  by i n s t a l l i n g  vanes  w i t h  a 60-degree a n g l e  of  a t t a c k  

(every  o t h e r  vane was t u r n e d  i n  t h e  opposing d i r e c t i o n  t o  p r e v e n t  s w i r l ) .  

The vanes were i n s t a l l e d  7 - in .  downstream o f  t h e  d i f f u s e r  i n l e t  ( f i g -  

u r e  VII I -15) .  

1 3  APRIL 1967 

.-1 

i 

1 

A test  w a s  conducted a t  s i m u l a t e d  t r a n s o n i c  c l imb c o n d i t i o n s  a t  15 

p s i a  and 10 p s i a .  The d i f f u s e r  vanes  caused a n  a d d i t i o n a l  9.1% drop  i n  

p r e s s u r e ,  g i v i n g  t h e  d i f f u s e r  a t o t a l  p r e s s u r e  d rop  o f  10.5% w i t h  a n  

i n l e t  Mach number of 0.4 ( T e s t  P o i n t  271).  The s i m u l a t e d  t r a n s o n i c  

c l imb c o n d i t i o n s  t h a t  r e s u l t e d  i n  combust ion i n s t a b i l i t y  a r e  l i s t e d  i n  

t a b l e  D - 2 ,  T e s t  P o i n t s  275, 276, 277, 279, 284, 285, 286, 290, 293 and 

299. The i n s t a l l a t i o n  o f  t h e  d i f f u s e r  vanes had no e f f e c t  on t h e  com- 

b u s t i o n  s t a b i l i t y  l i m i t  ob t a ined  w i t h  Zone-1 f u e l  o n l y .  However, a 

d e f i n i t e  improvement w a s  s e e n  when f lowing  o n l y  eve ry  o t h e r  Zone-1 

n o z z l e ,  as t h e  Zone-1 f u e l l a i r  r a t i o  exceeded 0.016 and w a s  f u r t h e r  

augmented by t h e  Zone-2 f u e l .  

o f  0.050 t o  be o b t a i n e d  w i t h  t h e  Zone-1 f u e l l a i r  r a t i o  s e t  between 

0.017 and 0.022. This  w a s  t h e  f i r s t  t i m e  t h a t  s t a b l e  combust ion w i t h  a 

f u e l l a i r  r a t i o  of 0.050 a t  t r a n s o n i c  c l imb c o n d i t i o n s  had been 

accomplished.  (The Zone-1 f u e l / a i r  r a t i o  had t o  b e  g r e a t e r  t h a n  0.017 

t o  o b t a i n  an  o v e r a l l  f u e l / a i r  r a t i o  o f  0.050 w i t h  s t a b l e  combust ion . )  

Although t e s t i n g  w i t h  20 n o z z l e s  d i d  n o t  r e v e a l  a Zone-1 maximum f u e l /  

a i r  r a t i o  l i m i t  due t o  combustion i n s t a b i l i t y ,  a d e c r e a s e  i n  combust ion 

e f f i c i e n c y  was noted  a s  t h e  Zone-1 f u e l / a i r  r a t i o  reached  0.022. 

Th i s  a l lowed an  o v e r a l l  f u e l l a i r  r a t i o  

A t  10  p s i a  t h e r e  was a n  i n d i c a t i o n  t h a t  o p e r a t i o n  w i t h  20 Zone-1 f u e l  

n o z z l e s  provided  a b r o a d e r  r e g i o n  of s t a b l e  combust ion t h a n  d i d  o p e r a t i o n  

w i t h  40 n o z z l e s .  

R e s u l t s  o f  t h i s  tes t  showed t h a t  the s t a b i l i t y  o f  the b u r n e r  w a s  

improved by i n c r e a s i n g  t h e  f a c i l i t y l r i g  i n t e r f a c e  p r e s s u r e  d rop  w i t h  

t h e  d i f f u s e r  vanes and thus  impl ied  t h a t  a f a c i l i t y / r i g  i n t e r f a c e  e f f e c t  

d i d  ex i s t .  Although t h e  d i f f u s e r  vanes were h e l p f u l ,  t h e y  d i s t u r b e d  t h e  

r a d i a l  f low d i s t r i b u t i o n .  

Cold Flow Time: 2.12 hour s  

Combus t i o n  T ime  : 5.23  hours  
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14 APRIL 1967 

The d i f f u s e r  vanes were r e p o s i t i o n e d  t o  a 30-degree a n g l e  of  a t t a c k  

t o  de te rmine  i f  t h e  r a d i a l  f low d i s t r i b u t i o n  could  b e  c o r r e c t e d  w h i l e  

m a i n t a i n i n g  t h e  improved s t a b l e  combustion range .  

A s i m u l a t e d  t r a n s o n i c  c l imb t e s t  a t  1 0  and 15 p s i a  was conducted a t  

T e s t  P o i n t s  300 through 332. The p r e s s u r e  drop  caused by t h e  d i f f u s e r  

vanes w a s  4.077 (decreased  from 9.1% i n  t h e  prev ious  t e s t )  r e s u l t i n g  i n  

a d i f f u s e r  t o t a l  p r e s s u r e  drop  of 5.4% a t  a n  i n l e t  Mach number of 0 .4 .  

A t  15  p s i a  t h e  r e g i o n  o f  combustion s t a b i l i t y  was narrowed when compared 

t o  t h e  prev ious  t e s t ,  a s  i n s t a b i l i t y  o c c u r r e d  when t h e  Zone-1 f u e l l a i r  

r a t i o  was i n c r e a s e d  t o  0 ,022.  A more n o t i c e a b l e  d e t e r i o r a t i o n  i n  t h e  s t a b l e  

combustion range o c c u r r e d  a t  1 0  p s i a  where a s t a b l e  b u r n i n g  r e g i o n  w i t h  a 

f u e l l a i r  r a t i o  o f  0.05 was o b t a i n e d  only  o v e r  a v e r y  narrow range of  Zone-1 

f u e l l a i r  r a t i o .  

Cold Flow T i m e :  2.50 hours  

Combustion Time: 6.13 hours  

15 THROUGH 18 APRIL 1967 

S i n c e  a s i g n i f i c a n t  r i g l f a c i l i t y  i n t e r f a c e  p r e s s u r e  d r o p  w a s  d e s i r e d  

and t h e  d i f f u s e r  vanes w e r e  n o t  comple te ly  s a t i s f a c t o r y ,  a heavy i n l e t  

s c r e e n  assembly was i n s t a l l e d  a s  shown i n  f i g u r e  VIII-19.  The d i f f u s e r  

vanes were l e f t  a s  p r e v i o u s l y  t e s t e d  a t  a 30-deg a n g l e  o f  a t t a c k .  

1 9  THROUGH 20 APRIL 1967 

A t es t  was made t o  i n v e s t i g a t e  t h e  e f f e c t s  of  t h e  i n l e t  s c r e e n  

The t o t a l  p r e s s u r e  drop  a c r o s s  t h e  (Tes t  P o i n t s  338 through 361) .  

s c r e e n  w a s  4.2% w i t h  a d i f f u s e r  i n l e t  Mach number of  0 .4 .  The r e s u l t s  

of t h e  t es t  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  from t h e  previous  test  of 

14 A p r i l .  

C o l d  Flow Time :  3 . 7 6  hours  

Combustion T ime :  4.12 hours 
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To f u r t h e r  i n c r e a s e  t h e  t o t a l  p r e s s u r e  drop  a c r o s s  t h e  i n l e t  s c r e e n ,  

t h e  s c r e e n  open area w a s  dec reased  by weld ing  tubes  on t h e  upstream s i d e  

of t h e  s c r e e n  assembly.  A c o l d  flow test showed no s i g n i f i c a n t  i n c r e a s e  

i n  t o t a l  p r e s s u r e  d rop  a c r o s s  t h e  i n l e t  s c reen , and  no combustion test 

w a s  made. 

Cold Flow Time: 2.22 hour s  

22 THROUGH 27 APRIL 1967 

The o r i g i n a l  three-mesh i n l e t  s c r e e n  w i t h  47% blockage area w a s  

r e p l a c e d  w i t h  a four-mesh i n l e t  s c r e e n  w i t h  6VL blockage  a r e a  and t h e  

d i f f u s e r  vanes were l e f t  a t  a 30-deg a n g l e  of  a t t a c k .  

28  APRIL 1967 

A t e s t  a t  t h e  15-ps ia  t r a n s o n i c  c l imb c o n d i t i o n s  w a s  conducted u s i n g  

20 Zone-1 secondary  f u e l  nozz le s  and no v o r t e x  g e n e r a t o r s .  

mesh i n l e t  s c r e e n  provided a s i g n i f i c a n t  i n c r e a s e  i n  p r e s s u r e  d rop ,  bu t  

i t  had no s i g n i f i c a n t  e f f e c t  on the  combustion s t a b i l i t y  l i m i t ,  which 

remained unchanged from t h a t  ob ta ined  w i t h  t h e  three-mesh i n l e t  s c r e e n .  

The c o n d i t i o n s  t h a t  r e s u l t e d  i n  combustion i n s t a b i l i t y  a re  l i s t e d  i n  

t a b l e  D-2, T e s t  P o i n t s  366 through 375 and 379. During t h i s  t e s t ,  t h e  

d i f f u s e r  vanes were s e t  a t  a 30-deg ang le  of  a t t a c k .  

The f o u r -  

Cold Flow Time: 2 .00  hours  

Combus t i o n  Time : 3.22 hours  

1 MAY 1967 

A t es t  was a t t empted  a t  10- and 15 -ps i a  t r a n s o n i c  c l imb c o n d i t i o n s  

b u t  w a s  t e rmina ted  due t o  a f u e l  l e a k  on t h e  Zone-1 secondary  f u e l  

sys tem caused by a cracked  weld j u s t  downstream of t h e  pump d i s c h a r g e .  

Cold Flow Time: 1 .13 hour s  

Combustion Time:  0.25 hour  
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2 AND 3 MAY 1967 

The f u e l  l e a k  w a s  w e l d - r e p a i r e d  and t h e  Zone-1 f u e l  system w a s  

changed t o  employ a l l  4 0  Zone-1 secondary  f u e l  n o z z l e s .  

383 through 407 were conducted on 3 May a t  t h e  10- and 1 5 - p s i a  t r a n s o n i c  

c l imb c o n d i t i o n s .  

secondary n o z z l e s  w a s  d e c r e a s e d  compared t o  t h a t  w i t h  20 Zone-1 secondary  

n o z z l e s .  S t a b l e  combustion was n o t  o b t a i n e d  a t  a Zone-1 f u e l f a i r  r a t i o  

g r e a t e r  than  0.018, as compared t o  a p r e v i o u s l y  o b t a i n e d  f u e l l a i r  r a t i o  

of  0.023 w i t h  20 Zone-1 secondary n o z z l e s .  

T e s t  P o i n t s  

The combustion s t a b i l i t y  r e g i o n  w i t h  4 0  Zone-1 

Cold Flow Time: 4.52 h o u r s  

Combust i o n  Time : 3.08 hours  

4 AND 5 MAY 1967 

I n s p e c t i o n  of  t h e  r i g  showed t h a t  t h e  e x i t  n o z z l e  cover  p l a t e  had 

warped on t h e  i n n e r  w a l l  and t h e  weld on t h e  i n l e t  boss  had cracked on 

t h e  o u t e r  w a l l ,  a s  shown i n  f i g u r e  D-16. The warpage was a t t r i b u t e d  t o  

t h e  i n l e t  and o u t l e t  c o o l i n g  w a t e r  l i n e s  being r e v e r s e d  d u r i n g  t h e  

prev ious  r i g  reassembly ,  c a u s i n g  o v e r p r e s s u r i z a t i o n  i n  t h e  c o o l i n g  

passages .  The damage was n o t  c o n s i d e r e d  t o  be d e t r i m e n t a l  t o  t h e  c o o l i n g  

o f  t h e  cover  p l a t e .  To v e r i f y  t h i s ,  t h r e e  thermocouples were i n s t a l l e d  

on t h e  o u t s i d e  w a l l  a s  shown i n  f i g u r e  D-16. These i n d i c a t e d  t h e  c o v e r  

p l a t e  t o  b e  a d e q u a t e l y  c o o l e d .  

New-design t u r b u l a t o r s  ( f i g u r e  V I I - 2 7 )  were t h e n  i n s t a l l e d  i n  t h e  

burner  a t  t h e  v o r t e x  g e n e r a t o r  l o c a t i o n s .  

t r a n s o n i c  c l imb t e s t s  (Test  P o i n t s  409 through 4 2 9 )  w e r e  conducted on 

5 May 1967. 

s l i g h t l y  lower o v e r a l l  f u e l l a i r  r a t i o s  t h a n  w i t h o u t  v o r t e x  g e n e r a t o r s .  

When compared t o  c o n f i g u r a t i o n s  c o n t a i n i n g  no v o r t e x  g e n e r a t o r s ,  d a t a  

showed t h a t  t h e  combustion e f f i c i e n c y  was i n c r e a s e d  w i t h  t h e  t u r b u l a t o r s  

i n s t a l l e d .  

Simulated 10- and 1 5 - p s i a  

The r e s u l t s  showed t h a t  combustion i n s t a b i l i t y  occurred  a t  

Cold Flow Time: 3 .68 hours  

Combustion T i m e :  3.00 hours  
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Location No. 2 --- 

I 
View Looking Upstream 

F i g u r e  D-16. Cover P l a t e  Damage and T/C 
I n s  t a l l  a t  i on 

8 MAY 1967 

FD 22557 

A t e s t  was conducted t o  o b t a i n  performance d a t a  a t  s i m u l a t e d  c r u i s e  

c o n d i t i o n s  w i t h  t h e  t u r b u l a t o r s  i n s t a l l e d  (Test P o i n t s  431 through 440) .  

A t o t a l  of 40 Zone-1 pr imary n o z z l e s  and 20 Zone-1 secondary  n o z z l e s  were 

employed. 

Cold Flow Time: 1 .75  hours  

Combus t i o n  Time : 1.83 hours  

1 0  MAY 1967 

A t e s t  was conducted a t  30-ps ia  c r u i s e  c o n d i t i o n s  (Tes t  P o i n t s  442 

through 458) .  T e s t  r e s u l t s  i n d i c a t e d  t h a t  v a r y i n g  t h e  Zone-1 f u e l l a i r  

r a t i o  had no obvious e f f e c t  on t h e  combustion i n s t a b i l i t y  r e g i o n .  It 

was noted  t h a t  combustion i n s t a b i l i t y  always occurred  when t h e  Zone-2 

f u e l l a i r  r a t i o  reached 0.015, i n d i c a t i n g  t h a t  t h e  Zone-2 f u e l  i n j e c t i o n  

a n d / o r  combustion zone a f f e c t e d  t h e  s t a b i l i t y  r e g i o n .  T h i s  was n o t  

t h e  c a s e  a t  t h e  10- and 1 5 - p s i a  t e s t  c o n d i t i o n s .  It was a l s o  noted 

t h a t  t h e  dominant i n s t a b i l i t y  f requency  was 470 Hz compared t o  t h e  

300 Hz t h a t  occur red  p r e v i o u s l y  when t h e  v o r t e x  g e n e r a t o r s  were 

i n s t a l l e d .  

Cold Flow Time: 1 .78 hours  

Combust i o n  Time : 2.42 hours  
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11 THROUGH 14 MAY 1967 

The Zone-1 f u e l  sys tem w a s  changed t o  u t i l i z e  a l l  4 0  pr imary and 

secondary  n o z z l e s  t o  a l l o w  h i g h e r  Zone-1 f u e l / a i r  r a t i o s  t o  b e  t e s t e d .  

The r a d i a l  d i f f u s e r  vanes were removed. 

15 MAY 1967 

A t e s t  was conducted a t  30-ps ia  c r u i s e  c o n d i t i o n s  ( T e s t  P o i n t s  460 

through 471). R e s u l t s  show no s i g n i f i c a n t  change from t h e  p r e v i o u s  t e s t .  

I n c r e a s i n g  t h e  Zone-1 f u e l l a i r  r a t i o  t o  0.028 had no e f f e c t  on t h e  

combustion s t a b i l i t y  r e g i o n .  Removal o f  t h e  30-degree  d i f f u s e r  vanes 

a l s o  had no e f f e c t .  

The t e s t  was te rmina ted  when t h e  f a c i l i t y  a i r  supply  l i n e  be l lows  

f a i l e d .  

Cold Flow Time: 0.84 hour 

Combustion Time: 2 .48 hours  

16 MAY THROUGH 1 JUNE 1967 

The f a c i l i t y  a i r  s u p p l y  l i n e  bel lows was removed and a new l i n e r  

was i n s t a l l e d  w i t h  f l o w - s t r a i g h t e n i n g  t u b e s  ( f i g u r e  D-17). The r i g  

geometry was changed by removing e v e r y  o t h e r  t u r b u l a t o r  on b o t h  t h e  I D  

and O D .  

2 JUNE 1967 

A t es t  was conducted a t  s i m u l a t e d  c r u i s e  c o n d i t i o n s  a t  reduced 

tempera tures  t o  i n v e s t i g a t e  combus t i o n  i n s t a b i l i t y  w i t h  e v e r y  o t h e r  

t u r b u l a t o r  removed on b o t h  t h e  I D  and OD (Test  P o i n t s  472 through 477). 

The t e s t  was t e r m i n a t e d  because  t h e  f a c i l i t y  p r e h e a t e r  would n o t  work. 

The range of s t a b l e  o p e r a t i o n  was widened from previous  t e s t s .  The 

t e s t  d i d  n o t  a d e q u a t e l y  demonst ra te  t h e  e f f e c t s  of removal of every  

o t h e r  t u r b u l a t o r  because  t h e  b u r n e r  i n l e t  t empera ture  of 550°F could  

n o t  be o b t a i n e d .  

Cold Flow Time: 1 . 8 5  hours  

Combustion Time: 2.40 hours  
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b 

Figure  D - 1 7 .  I n l e t  Bellows M o d i f i c a t i o n  FE 71983 

3 THROUGH 9 JUNE 1967 

The f a c i l i t y  p r e h e a t e r  was found t o  b e  f a i l i n g  s t r u c t u r a l l y ,  a l lowing  

some of  t h e  h e a t e r  a i r  t o  bypass  t h e  h e a t  exchanger  tubes .  T h i s  f a i l u r e  

caused t h e  p r e h e a t e r  t o  g i v e  a i r  t empera tures  t o o  l o w  w h i l e  having  exces-  

s i v e  combust ion gas  t empera tu re .  Temporary r e p a i r s  w e r e  made so  t h a t  

t e s t i n g  could  be  cont inued  w i t h o u t  d e l a y .  

1 0  J U N E  1967 

A t e s t  w a s  conducted a t  s imula t ed  c r u i s e  c o n d i t i o n s  t o  i n v e s t i g a t e  

combustion i n s t a b i l i t y  w i t h  eve ry  o t h e r  t u r b u l a t o r  removed on bo th  t h e  

I D  and t h e  OD ( T e s t  P o i n t s  479 through 488) .  The range o f  s t a b l e  

o p e r a t i o n  was s l i g h t l y  improved by t h i s  c o n f i g u r a t i o n  a t  Zone-1 f u e l l a i r  

r a t i o s  l e s s  t h a n  0.020. Performance d a t a  were ob ta ined  a t  T e s t  P o i n t s  486 

and 487. 

i 
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The Zone-2 I D  s p r a y b a r s  were blocked o f f  t o  i n v e s t i g a t e  unsymmetrical  

f u e l  i n j e c t i o n  i n t o  t h e  b u r n e r  a t  T e s t  P o i n t s  490 through 495. The t e s t  

r e s u l t s  i n d i c a t e  t h a t  t h i s  v a r i a t i o n  i n  f u e l  i n j e c t i o n  d i d  n o t  improve t h e  

range o f  s t a b l e  o p e r a t i o n .  With t h e  Zone-1 f u e l / a i r  r a t i o  a t  0.030, a 

performance d a t a  p o i n t  was o b t a i n e d  a t  a n  o v e r a l l  f u e l / a i r  r a t i o  o f  0.050 

(Test P o i n t  495). 

Cold Flow Time: 2.55 hours  

Combustion T i m e :  5 .12 hours  

11 THROUGH 15 JUNE 1967 

The f u e l  i n j e c t i o n  system w a s  changed by r e s t o r i n g  t h e  Zone-2 I D  

s p r a y b a r s  and r e p l a c i n g  s i x  of  t h e  t e n  OD high-f low s p r a y b a r s  w i t h  

low-flow s p r a y b a r s  ( f i g u r e  VII-39).  A l l  t u r b u l a t o r s  were i n s t a l l e d  on  

b o t h  t h e  I D  and t h e  OD. 

1 6  JUNE 1967 

A t e s t  was conducted a t  s i m u l a t e d  c r u i s e  c o n d i t i o n s  (Tes t  P o i n t s  

497 through 509).  The s t a b l e  o p e r a t i n g  range was n o t  improved o v e r  t h a t  

of prev ious  tests i n  t h e  Zone-1 f u e l l a i r  r a t i o  range of  0.01 t o  0.030. 

However, a s t a b l e  o v e r a l l  f u e l l a i r  r a t i o  of 0 ,050 was achieved  by 

o p e r a t i n g  Zone-1 above a f u e l / a i r  r a t i o  o f  0.030 and augmenting w i t h  t h e  

Zone-2 f u e l ,  Performance d a t a  w e r e  o b t a i n e d  a t  T e s t  P o i n t s  497,  499 

through 501, and 507. 

Cold Flow Time: 1 .87  hours  

Combus t i o n  Time : 3.73 hours  

17 THROUGH 19 JUNE 1967 

The s i x  Zone-2 low-flow OD s p r a y b a r s  were removed and t h e  o r i g i n a l  

high-f low s p r a y b a r s  w e r e  i n s t a l l e d ,  r e s t o r i n g  t h e  Zone-2 t o  t h e  o r i g i n a l  

des  i g n  c o n f i g u r a t i o n .  

20 JUNE 1967 

A t es t  w a s  conducted a t  s i m u l a t e d  c r u i s e  c o n d i t i o n s  and performance 

w a s  o b t a i n e d  a t  c r u i s e  f u e l / a i r  r a t i o s  of  0.016 t o  0.025, T e s t  P o i n t s  

512 through 526, t a b l e  D - 1 1 .  

Cold Flow Time: 1.87 hours  

Combus t i o n  Time: 3.73 hours  
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21 JUNE 1967 

Every o t h e r  Zone-1 secondary  f u e l  n o z z l e  was capped o f f  and a t e s t  

a t  s imula ted  t r a n s o n i c  c l imb c o n d i t i o n s  a t  1 0  p s i a  was a t tempted  b u t  

was t e r m i n a t e d  because  of  a n  i g n i t i o n  d i f f i c u l t y .  

22 JUNE 1967 

The i g n i t i o n  d i f f i c u l t y  was found t o  b e  i n  t h e  f a c i l i t y  power system 

and was c o r r e c t e d .  A t e s t  was conducted a t  s i m u l a t e d  t r a n s o n i c  c o n d i t i o n s  

a t  1 0  p s i a  t o  o b t a i n  performance d a t a  (Test  P o i n t s  528 through 536) .  

Performance d a t a  were n o t  o b t a i n e d  because of  combustion i n s t a b i l i t y .  

The r a n g e  of  s t a b l e  o p e r a t i o n  was s i g n i f i c a n t l y  reduced from previous  

t e s t s  (when t h e  d i f f u s e r  vanes were i n s t a l l e d ) .  The p r e s s u r e  drop 

produced by t h e  s c r e e n  i n  t h e  r i g  i n l e t  was a p p a r e n t l y  n o t  a s  e f f e c t i v e  

a s  t h e  p r e s s u r e  drop produced by t h e  vanes i n  t h e  d i f f u s e r .  

Cold Flow Time; 1 .60  hours  

Combustion Time: 1.57 hours  

23 JUNE 1967 

The number of  Zone-1 secondary  f u e l  n o z z l e s  were r e s t o r e d  t o  40 and 

a t e s t  w a s  conducted a t  s i m u l a t e d  c r u i s e  c o n d i t i o n s  t o  o b t a i n  performance 

d a t a  (Tes t  P o i n t s  538 through 543 and 545 through 555). Combustion 

i n s t a b i l i t y  o c c u r r e d  a t  a n  o v e r a l l  f u e l l a i r  r a t i o  of 0.046 w i t h  a Zone-1 

f u e l / a i r  r a t i o  of  0.030. With Zone-1 f u e l / a i r  r a t i o s  above 0.030, 

combustion i n s t a b i l i t y  was n o t  encountered .  

Cold Flow Time: 3.67 h o u r s  

Combustion Time: 2.50 h o u r s  

26 JUNE 1967 

Every o t h e r  Zone-1 secondary  f u e l  n o z z l e  was capped o f f  and t h r e e  

a d d i t i o n a l  blockage r i n g s  were added t o  t h e  i n l e t  s c r e e n  t o  provide  

a d d i t i o n a l  p r e s s u r e  drop  ( f i g u r e  V I I I - 2 6 ) .  

A t e s t  was conducted a t  10-ps ia  t r a n s o n i c  c l imb c o n d i t i o n s  (Test  

P o i n t s  557 through 578)  t o  o b t a i n  performance d a t a .  

occur red  over  a wide range of f u e l l a i r  r a t i o s .  

r a t i o  o f  0.016, s t a b l e  o p e r a t i o n  a t  an o v e r a l l  0.050 f u e l l a i r  r a t i o  could 

Combustion i n s t a b i l i t y  

With a Zone-1 f u e l l a i r  
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b e  achieved.  Then by i n c r e a s i n g  the  Zone-1 f u e l / a i r  r a t i o  and dec reas ing  

t h e  Zone-2 f u e l / a i r  r a t i o ,  s t a b l e  o p e r a t i o n  was ob ta ined  a t  o v e r a l l  0.050 

f u e l / a i r  r a t i o s  w i t h  Zone-1 f u e l / a i r  r a t i o s  o f  0.018, 0.020, and 0.022 

(Test Poin ts  572,  573,  and 574, r e s p e c t i v e l y ) .  Performance d a t a  were 

obta ined  a t  T e s t  Po in t s  560 through 563, 565 through 569, 571, 574 ,  576, 

and 577. 

' 

Cold Flow Time: 1.85 hours 

Combustion Time: 2.20 hours  

27 JUNE 1967 

A t e s t  was conducted a t  s imula ted  15-psia  t r a n s o n i c  climb cond i t ions  

( T e s t  P o i n t s  580 through 614).  Performance d a t a  were obta ined  a t  T e s t  

Po in t s  580 through 588, 590 through 592, 598, 601 through 606, and 608 

through 613. Combustion i n s t a b i l i t y  w a s  ev ident  a t  some t e s t  po in t s  

and the  range of s t a b l e  o p e r a t i o n  w a s  s i g n i f i c a n t l y  lower than  t h e  tests 

i n  which t h e  d i f f u s e r  vanes were i n s t a l l e d .  While t e s t i n g  wi th  a Zone-1 

secondary f u e l / a i r  r a t i o  of 0.014, combustion i n s t a b i l i t y  occurred  when an  

o v e r a l l  f u e l l a i r  r a t i o  of  0.040 w a s  reached.  

Cold Flow Time: 1.70 hours  

Combustion Time:  3.55 hours  

28 THROUGH 30 JUNE 1967 

The r i g  was disassembled f o r  a f i n a l  burner  i n s p e c t i o n .  N o  f a i l e d  

o r  d i s t r e s s e d  p a r t s  were observed.  
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APPENDIX E 
FUEL SYSTEM 

. .  
i 

i 

The f u e l  system provided three zones o f  o p e r a t i o n  (see f i g u r e  E-1) 

w i t h  each  zone o p e r a t i n g  i n  an  i d e n t i c a l  manner and w i t h  each  zone con- 

s i s t i n g  o f  i d e n t i c a l  components. Common t o  each  f u e l  zone were a main 

supply  v a l v e ,  h e a t  exchanger ,  and a 10-micron f i l t e r .  Each f u e l  zone 

had i d e n t i c a l  pumps and motors ,  which de l ivered  a maximum f low r a t e  of 

120 gpm, a t  a d i s c h a r g e  p r e s s u r e  of  1000 p s i g .  A bypass  system c o n t r o l l e d  

t h e  pump d i s c h a r g e  p r e s s u r e  i n  each zone. For c o n t r o l  o f  f u e l  i n t o  the 

r i g ,  each  zone had a main c o n t r o l  v a l v e  f o r  approximate f u e l  f low s e t t i n g s  

and a v e r n i e r  c o n t r o l  v a l v e  f o r  a c c u r a t e  f u e l  f low s e t t i n g s .  To de te rmine  

t h e  f u e l  f low r a t e  th rough e a c h  f u e l  zone,  t u r b i n e  flowmeters were pro- 

v i d e d ,  two w i t h  a f low range o f  1200 l b / h r  t o  50,000 l b / h r  and one w i t h  

a flow range o f  550 l b / h r  t o  10,000 l b / h r .  Each f u e l  zone had a s h u t o f f  

v a l v e  connected t o  the  i g n i t i o n  c o n t r o l  p a n e l .  

A s a f e t y  a b o r t  system monitored f i v e  parameters  t h a t  would i n i t i a t e  

a shutdown: 

1. I f  i g n i t i o n  f a i l e d  t o  occur  d u r i n g  some preset  t i m e  

i n  t e  rva  1 

2 .  I f  a flame blowout o c c u r r e d  a t  any  t i m e  d u r i n g  con- 

t i n u o u s  o p e r a t i o n  

3 .  I f  t h e  f u e l  f low ra te  on any  one o f  t h e  t h r e e  t u r b i n e  

flowmeters i n c r e a s e d  beyond a preset  v a l u e  

4 .  I f  t h e  water f low ra te  on any  one o f  t h e  t h r e e  t u r b i n e  

flowmeters d e c r e a s e d  below a preset v a l u e  

5 .  I f  t h e  f u e l  p r e s s u r e  t o  t h e  p r e s s u r e  s w i t c h  on t h e  

pump i n l e t  s u p p l y  l i n e  decreased  below a p r e s e t  v a l u e .  

A l s o ,  a manual ly  o p e r a t e d  a b o r t  b u t t o n  w a s  s u p p l i e d  on t h e  pump c o n t r o l  

pane l .  
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The i g n i t i o n  and t h e  flame blowout a b o r t  parameters  u t i l i z e d  t h e  

fo l lowing  components: 

1. A v a r i a b l e  i g n i t i o n  t i m e r  w i t h  a range of  0-60 seconds 

2. A SW-24 f a c i l i t y  d u c t  purge t i m e r  w i t h  a v a r i a b l e  range  of 

0-10 minutes  

3 .  An i g n i t i o n  d e t e c t o r  t h a t  measured t h e  tempera ture  d i f -  

f e r e n c e  be tween t h e  b u r n e r  i n l e t  and t h e  b u r n e r  e x i t .  

In o p e r a t i o n ,  t h e  i g n i t i o n  d e t e c t o r  a b o r t  l i m i t  was p r e s e t  a t  a low 

tempera ture  d i f f e r e n t i a l .  A p r e s e l e c t e d  t i m e  i n t e r v a l  w a s  s e t  on t h e  

0-60 second i g n i t i o n  t i m e r .  A l s o ,  a p r e s e l e c t e d  t i m e  i n t e r v a l  o f  

0-10 minutes  was s e t  on t h e  SW-24 f a c i l i t y  d u c t  purge timer. When t h e  

i g n i t e r  b u t t o n  w a s  d e p r e s s e d ,  power w a s  s u p p l i e d  t o  t h e  two r i g  i g n i t e r s  

and t h e  f u e l  s h u t o f f  v a l v e  was opened s i m u l t a n e o u s l y  t o  l i g h t  t h e  d u c t  

b u r n e r .  This  s i t u a t i o n  e x i s t e d  u n t i l  t h e  i g n i t i o n  t i m e r  completed i t s  

c y c l e .  I f  a t  t h a t  t ime burner  i g n i t i o n  was o b t a i n e d ,  t h e  i g n i t i o n  d e -  

t e c t o r s  i n d i c a t e d  a tempera ture  d i f f e r e n t i a l  h i g h e r  t h a n  t h e  a b o r t  l i m i t ,  

a g r e e n  l i g h t  came o n ,  t h e  i g n i t e r s  were de-energ ized  and cont inuous  r i g  

t e s t i n g  could  be m a i n t a i n e d .  I f ,  a t  t h a t  t i m e ,  burner  i g n i t i o n  was n o t  

o b t a i n e d ,  t h e  i g n i t i o n  d e t e c t o r  i n d i c a t e d  a tempera ture  d i f f e r e n t i a l  

lower t h a n  t h e  a b o r t  l i m i t ,  a r e d  l i g h t  came on,  t h e  i g n i t e r s  were d e -  

e n e r g i z e d  and t h e  f u e l  s h u t o f f  v a l v e s  became i n o p e r a b l e  d u r i n g  t h e  SW-24 

f a c i l i t y  d u c t  purge t i m e r  c y c l e .  I f  a burner  blowout occurred  a t  any  

t ime whi le  t e s t i n g ,  t h e  same o p e r a t i n g  sequence occurred  a s  when i n i t i a l  

i g n i t i o n  was n o t  o b t a i n e d .  A manual purge b u t t o n  allowed t h e  same o p e r a t i n g  

sequence t o  be i n i t i a t e d  a t  any t i m e .  

F o r  a n  a b o r t  d u e  t o  an  e x c e s s i v e  flow r a t e  of  f u e l ,  two major com- 

ponents  were used:  

1. Turbine  flowmeters (one f o r  each f u e l  zone) 

2. O p t i c a l  meter r e l a y s  (one f o r  each t u r b i n e  f lowmeter) .  

I n  o p e r a t i o n ,  t h e  o p t i c a l  meter r e l a y  a b o r t  l i m i t s  were s e t  a t  a pre-  

determined maximum f u e l  f low r a t e .  A s i g n a l  from t h e  t u r b i n e  flow- 

meter  was s e n t  t o  t h e  o p t i c a l  meter r e l a y ,  which i n d i c a t e d  a c t u a l  f u e l  

E -3 
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flow. I f  t h e  f u e l  f low r a t e  i n c r e a s e d  beyond t h e  p r e s e t  v a l u e ,  a n  a b o r t  

occur red .  The s h u t o f f  v a l v e s  c l o s e d ,  t h e  c o n t r o l  v a l v e s  c l o s e d ,  and t h e  

pumps s h u t  down. (The o p t i c a l  meter r e l a y s  were equipped w i t h  an  a b o r t  

r e s e t  b u t t o n  t h a t  had t o  be depressed  b e f o r e  o p e r a t i o n  could  be c o n t i n u e d . )  

S ince  f u e l  f low t o  t h e  burner  had been s h u t  o f f ,  t h e  i g n i t i o n  d e t e c t o r  

sensed a flame blowout and t h e  SW-24 f a c i l i t y  d u c t  purge t imer  c y c l e  was 

i n i t i a t e d .  

Two major  components were used f o r  a n  a b o r t  caused by inadequate  

flow rate  of  c o o l i n g  water: 

1. Turbine  f lowmeters  (one f o r  t h e  water -cooled  p r e s s u r e  p r o b e s ,  

one f o r  t h e  i n n e r  n o z z l e ,  and one f o r  t h e  o u t e r  n o z z l e  

and nozz le  plugs)  

2 .  O p t i c a l  meter r e l a y s  (one f o r  each t u r b i n e  f lowmeter ) .  

I n  o p e r a t i o n ,  t h e  o p t i c a l  meter r e l a y  a b o r t  l i m i t s  were s e t  a t  a pre-  

determined minimum c o o l i n g  water  flow r a t e .  A s i g n a l  from t h e  t u r b i n e  

flowmeter was s e n t  t o  the o p t i c a l  meter r e l a y ,  which i n d i c a t e d  a c t u a l  

c o o l i n g  water  flow r a t e .  An a b o r t  occur red  i f  t h e  c o o l i n g  w a t e r  flow 

rate  decreased  below t h e  preset  v a l u e .  The a b o r t  sequence w a s  i d e n t i c a l  

t o  t h e  p r e v i o u s l y  d e s c r i b e d  sequence f o r  e x c e s s i v e  f u e l  f low.  

An a b o r t  occur red  i f  t h e  f u e l  supply  p r e s s u r e  t o  t h e  pump i n l e t  be- 

came l e s s  t h a n  a p r e s e t  v a l u e .  The sys tem c o n s i s t e d  b a s i c a l l y  of one 

a d j u s t a b l e  p r e s s u r e  s w i t c h  f o r  each  f u e l  zone. P r i o r  t o  running ,  t h e  

p r e s s u r e  s w i t c h  a b o r t  l i m i t  was s e t  a t  a s e l e c t e d  l e v e l .  An a b o r t  

occur red  i f  t h e  f u e l  supply  p r e s s u r e  became l e s s  t h a n  t h e  p r e s e t  l eve l .  

The s h u t o f f  v a l v e s  c l o s e d  and t h e  pumps s h u t  down. S i n c e  f u e l  f low t o  

t h e  burner  had been s h u t  o f f ,  t h e  i g n i t i o n  d e t e c t o r  sensed a flame blow- 

o u t  and t h e  SW-24 f a c i l i t y  d u c t  purge t i m e r  c y c l e  was i n i t i a t e d .  

Another a b o r t  parameter  c o n s i s t e d  of a manual a b o r t  b u t t o n .  When t h e  

a b o r t  b u t t o n  was d e p r e s s e d ,  the  s h u t o f f  v a l v e s  and t h e  c o n t r o l  v a l v e s  

c l o s e d .  The pumps a l s o  s h u t  down and t h e  SW-24 f a c i l i t y  d u c t  purge 

t imer c y c l e  was i n i t i a t e d .  
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( 2 )  21000 Brookpark Road 

MS 60-4 

NASA Lewis Research Center  

Cleveland , Ohio 44135 
A t t e n t i o n :  H.  H .  E l l e r b r o c k  

(1) 21000 Brookpark Road 

MS 60-4 

NASA Lewis  Research Center  
2 1  000 Brookpark Road 

A t t e n t i o n :  L. Macioce 
(1) Cleveland,  Ohio 44135 

MS 60-6 

NASA L e w i s  Research Center  
21000 Brookpark Road 

A t t e n t i o n :  W. T. Olson 
(1) Cleveland,  Ohio 44135 

MS 3-16 

NASA L e w i s  Research Center  
21000 Brookpark Road 

At t en t  ion:  Robert  R .  Hibbard 
(1) Cleveland,  Ohio 44135 

MS 302-1 

NASA L e w i s  Research Center  
21000 Brookpark Road 

A t t e n t i o n :  J .  F. Dugan, Jr. 
(1) Cleveland,  Ohio 44135 

MS 501-2 
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NASA L e w i s  Research Center  
21000 Brookpark Road 
Cleveland,  Ohio 44135 
At t en t ion :  Seymour L i e b l e i n  

MS 7 - 1  

NASA Lewis  Research Center  
21000 Brookpark Road 
Cleveland,  Ohio 44135 
A t t e n t i o n :  R.  E .  Jones 

MS 60-6 

NASA Lewis Research Center  
21000 Brookpark Road 
Cleveland , Ohio 44135 
A t t e n t i o n :  J ack  Grobman 

MS 6 0 - 6  

NASA Lewis  Research Center  
21000 Brookpark Road 
Cleveland,  Ohio 44135 
A t t e n t i o n :  J .  Robert B r a n s t e t t e r  

MS 60-6  

NASA S c i e n t i f i c  & Technica l  

P.O. Box 33 
College Park,  Maryland 20740 
A t t e n t i o n :  NASA Represen ta t ive  

Information F a c i l i t y  

RQT -2448 

FAA Headquarters 
800 Independence Avenue, S.W. 
Washington, D .  C .  20553 
A t t e n t i o n :  Br igad ie r  General  

J .  C .  Maxwell 

FAA Headquarters  
800 Independence Avenue, S.W. 
Washington, D .  C. 20553 
A t t e n t i o n :  F.  B. Howard/SS120 

NASA Headquarters  
600 Independence Avenue, S.W. 
Washington, D .  C .  20546 
A t t e n t i o n :  N.  F .  Rekos (RAP) 

Department of t h e  Army 
U . S .  Army Avia t ion  Material 

F o r t  E u s t i s  , V i r g i n i a  23604 
A t t e n t i o n :  John White 

Laboratory 

' 

Headquarters  (2, 
Wright-Pat terson AFB, Ohio 45433 
A t t e n t i o n :  J. L. Wi lk ins ,  SESOS 

AFAPL (APTC) (1) 
Wright -Pa t te rson  AFB, Ohio 45433 
A t t e n t i o n :  L t .  D.  H. Quick  

A i r  Force  O f f i c e  of S c i e n t i f i c  
Research,  Propuls ion  Research Div 
USAF Washington, D. C .  20025 

(1) 

Defense Documentation Center  (1) 

Cameron S t a t i o n  
5010 Duke S t ree t  
Alexandr ia ,  V i r g i n i a  22314 

(DDC 1 

(25) Department of  the  Navy (1) 
Bureau o f  Naval Weapons 

F -2 

Washington, D .  C .  20025 
A t t e n t i o n :  Robert  Brown RAPP14 

Department o f  t he  Navy (1) 
Bureau o f  Ships  
Washington, D .  C .  20360 
A t t e n t i o n :  G. L.  Graves 

NASA-Langley Research Center  (1) 
Langley S t a t i o n  
Technica l  Library  
Hampton, V i rg in i a  23365 
A t t e n t i o n :  Mark R .  Nichols  

NASA-Langley Research Center  (1) 
Langley S t a t i o n  
Technica l  L ib ra ry  
Hampton, V i r g i n i a  23365 
A t t e n t i o n :  John V.  Becker 

United S t a t e s  A i r  Force (1) 
Aero Propuls ion  Laboratory 
Bui ld ing  18D, Room 119 
Wright-Pat terson AFB, Ohio 45433 
A t t e n t i o n :  Robert  E .  Henderson 

United A i r c r a f t  Corporat ion (2) 
P r a t t  & Whitney A i r c r a f t  D iv i s ion  
400 Main S t r e e t  
Eas t  H a r t f o r d ,  Connect icut  06108 
A t t e n t i o n :  G. Andre in i  
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United A i r c r a f t  Corpora t ion  (1) General  Electric Company (1) 
P r a t t  & Whitney A i r c r a f t  D i v i s i o n  F l i g h t  P ropu l s ion  D i v i s i o n  
400 Main S t r e e t  C i n c i n n a t i ,  Ohio 45215 
E a s t  H a r t f o r d ,  Connect icu t  06108 A t t e n t i o n  : Techn ica l  I n  forma - 
A t t e n t i o n :  L i b r a r y  t i o n  Center  N-32 

Uni ted  A i r c r a f t  Research (1) 
East H a r t f o r d ,  Connect icu t  06108 
A t t e n t i o n :  L i b r a r y  

A l l i s o n  D i v i s i o n  of GMC (1) 
Department 8894, P l a n t  8 
P.O. Box 894 
I n d i a n a p o l i s ,  Ind iana  46206 
A t t e n t i o n :  J.  N.  Barney 

A l l i s o n  D i v i s i o n  of GMC (1) 
Department 8894, P l a n t  8 
P.O. Box 894 
I n d i a n a p o l i s ,  Ind iana  46206 
A t t e n t i o n :  G. E .  Holbrook 

A l l i s o n  D i v i s i o n  of  GMC 
Department 8894, P l a n t  8 
P.O. Box 894 
I n d i a n a p o l i s ,  Ind iana  46206 
A t  t e n t  i o n :  L i b r a r y  

Northern Research & Engineer ing  

219 Vassar S t ree t  
Cambridge, Massachuse t t s  02139 
A t t e n t i o n :  K. Ginwala 

Corpora t ion  

General  E l e c t r i c  Company 
F 1 igh  t Propu Is i o n  D i v i  s i o n  
C i nc  i n n a t  i , Oh i o  45 2 15 
A t t e n t i o n :  J. W .  McBride H-44 

General  E l e c t r i c  Company 
F l i g h t  P ropu l s ion  D i v i s i o n  
C i n c i n n a t i ,  Ohio 45215 
A t t e n t i o n :  F. Burggraf H-32 

Genera l  E l e c t r i c  Company 
F l i g h t  P ropu l s ion  D i v i s i o n  
C i n c i n n a t i ,  Ohio 45215 
A t t e n t i o n :  S .  N .  Suc iu  H-32 

Genera 1 Electr ic  Company (1) 
1000 Western Avenue 
West Lynn, Massachuse t t s  01905 
A t t e n t i o n :  D r .  C.  W. Smith 

L i b r a r y  Bldg. 2-40M 

General  E l e c t r i c  Company 
1000 Western Avenue 
West Lynn, Massachuse t t s  01905 
A t t e n t i o n :  Paul  C .  S e t z e  

C u r t i s s  -Wright Corpora t ion  (1) 
Wright Aeronau t i ca l  D i v i s i o n  
Wood-Ridge, New J e r s e y  07075 
A t  t e n t  i o n  : S . Lombard0 

(1) Cur t  iss -Wright Corpora t i o n  (1) 
W r  igh t Aeronaut i c a  1 D i v  i s  i o n  
Wood-Ridge, New J e r s e y  07 075 
A t t e n t i o n :  G. Provenza le  

A i r  Research Manufactur ing Co. (1) 

Phoenix,  Arizona 85034 
A t t e n t i o n :  Robert  0. Bul lock  

(1) 402 South 36th  S t r e e t  

A i r  Research Manufactur ing Co. (1) 
9851 Sepulveda Boulevard 

(1) Los Angeles ,  C a l i f o r n i a  90009 
A t t e n t i o n :  D r .  H. Van Le 

AVCO Corpora t ion  (1) 
Lycoming D i v i s i o n  

(1) 550 South Main S t r e e t  
S t r a t f o r d ,  Connect icu t  06497 
A t t e n t i o n :  Claus W. Bol ton 

General  E l e c t r i c  Company (1) 
F l i g h t  P ropu l s ion  D i v i s i o n  
C i n c i n n a t i ,  Ohio 45215 
A t t e n t i o n :  C.  Danfor th  H-32 

AVCO Corpora t ion  (1) 
(1) Lycoming D i v i s i o n  

550 South Main S t r e e t  
S t r a t  f o r d ,  Connect icu t  06497 
A t t e n t i o n :  Char l e s  K u i n t z l e  
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C o n t i n e n t a l  Av ia t ion  & 

12700 Kercheval  
D e t r o i t  , Michigan 48215 
A t t e n t i o n :  E l i  W .  B e r n s t e i n  

Engineer ing  Corpora t ion  

C o n t i n e n t a l  Av ia t ion  & 

127 00 Kercheval  
D e t r o i t ,  Michigan 48215 
A t t e n t i o n :  Howard 6 .  Walch 

Engineer ing  Corpora t ion  

I n t e r n a t i o n a l  Harves t e r  Company 
S o l a r  D i v i s i o n  
22 00 Pac i f  i c  Highway 
San Diego, C a l i f o r n i a  92112 
A t t e n t i o n :  P.  A .  P i t t  

I n t e r n a t i o n a l  Harves t e r  Company 
S o l a r  D i v i s i o n  
2200 P a c i f i c  Highway 
San Diego, C a l i f o r n i a  92112 
A t t e n t i o n :  M r s .  L.  Walper 

Goodyear Atomic Corpora t ion  
Box 628 
P ike ton ,  Ohio 
A t t e n t i o n :  C .  0.  Langebrake 

George Derder ian  A I R  53622 B 
Department of  t h e  Navy 
Bureau of Navy 
Washington, D .  C .  20360 

The Boeing Company 
Comer  i c a  1 Ai rp lane  Div is  i o n  
P.O. Box 3991 
S e a t t l e ,  Washington 98124 
A t t e n t i o n :  G .  J .  S c h o t t  

MS 80-66 

The Boeing Company 
Missile and In fo rma t ion  Systems 

224 N.  Wilkinson Street  
Dayton, Ohio 45402 
A t t e n t i o n :  Warren K. Thorson 

D i v i s i o n  

Wall Colmonoy Corpora t ion  
19345 John R .  S t r e e t  
D e t r o i t  3 , Michigan 
A t t e n t i o n :  R.  L. P e a s l e e  

(1) Aero j e t  -General Corpora t ion  ( l j  
Sacramento,  C a l i f o r n i a  95809 
A t t e n t i o n :  M. S .  Nylin 

Aero je t -Genera l  Corpora t ion  (1) 
Sacramento,  C a l i f o r n i a  95809 

(1) A t t e n t i o n :  L ib ra ry  

New England Materials (1) 
Labora tory ,  I n c .  

35 Commercial S t r e e t  
Medford, Massachuset ts  02155 

(1) A t t e n t i o n :  A l l a n  S .  Bufferd  

C o r n e l l  Aeronau t i ca l  Labora tory  (1) 
4455 Genessee S t r e e t  
Buf fa lo  21 ,  New York 

(1) Marquardt Corpora t ion  (1) 
16555 S a t i c o y  S t r e e t  
Van Nuys , C a l i f o r n i a  

Thompson Ram0 Wooldr idge  
7209 P l a t t  Avenue 

(1) Cleve land ,  Ohio 44117 

Aro, I n c .  
Arnold A i r  Force  S t a t i o n ,  
T e  nne s s e e 

A.E.L.  
Naval A i r  Center  
P h i l a d e l p h i a ,  Pennsylvania  
A t t e n t i o n :  S .  F i o r e l l o  

(1) 

(1) 
D i r e c t o r  (1) 
Government Research Labora tory  
Esso Research & Engineer ing  

Company 
P.O. Box 8 
Linden, New J e r s e y  07036 

(1) 
Douglas A i r c r a f t  Company (1) 
3855 Lakewood Blvd. 
Long Beach, C a l i f o r n i a  90801 
A t t e n t  i on :  Techn ica l  Informa- 

- t i o n  Center  C1-250 
For J. E .  Merriman 

(1) 
A i r  Research Manufactur ing (1) 

Company 
9851 Sepulveda Boulevard 
Los Angeles ,  C a l i f o r n i a  90009 
A t t e n t i o n :  George S o t t e r  
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