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NATIONAL ADVISORY COMMITTEE FOR m R O N A U T I C S  

RESEARCH MEMORANDUM 

FULL-SCALE EVALUATION OF SOME FLAMEHOLDER DESIGN CONCEPTS 

By W i l l i a m  R .  Prince, Wallace W. Vel ie  
and W i l l i s  M. Braithwaite 

SUMMARY 

An i n v e s t i g a t i o n  of a f u l l - s c a l e  af terburner  having high burner- 
i n l e t  v e l o c i t y  w a s  conducted at the  NACA Lewis labora tory  t o  determine 
burner performance with seve ra l  va r i a t ions  i n  burner  design. 
rece iv ing  p a r t i c u l a r  a t t e n t i o n  were flameholder design and burner length .  
A t o t a l  of 1 2  flameholder configurat ions,  c l a s s i f i e d  by design concept 
as mixers, screens,  o r  flame spreaders,  were inves t iga t ed  a t  a burner- 
i n l e t  v e l o c i t y  of 625 feet pe r  second over a range of bu rne r - in l e t  pres- 
sures  from 800 t o  2700 pounds per  square foot absolute .  

Variables 

Data presented i n d i c a t e  t h a t  a b a s i c  annular two-V-gutter f lameholder 
can opera te  a t  combustion e f f i c i e n c i e s  of 90 t o  95 percent  f o r  f a i r l y  
optimum burner  length  and pressure.  A reduction i n  burner l eng th  and 
bu rne r - in l e t  p ressure  had a considerable  adverse e f f e c t  on combustion 
e f f i c i e n c y  o f  the  bas i c  flameholder. 
b a s i c  two-V-gutter f laneholder  w a s  reasonably high a t  optimum burner  
condi t ions ,  a ,nixer flameholder configurat ion showed promise of pro- 
viding f u r t h e r  gains  i n  coinbustion e f f ic iency ,  e s p e c i a l l y  a t  the  more 
c r i t i c a l  burner  condi t ions.  

Even though t h e  performance of 8. 

INTRODUCTION 

Thrust  augmentation by means of af terburning extends t h e  range of 
t u r b o j e t  engines i n  t h e  reg ion  of supersonic f l i g h t  speeds. With t h i s  
advent of higher  f l i g h t  speeds it becomes increas ingly  important t o  
maintain t h e  f r o n t a l  a r e a  of t h e  propulsion system at  a minimum. The 
t r anson ic  compressor, research  combustors, and cooled h igh - s t r e s s  tur-  
b ines  w i l l  probably make use of smaller f r o n t a l  a r eas  poss ib le .  
with the  higher  mass flows per  u n i t  f r o n t a l  area obtained f o r  supersonic  
flight. prnpuls ion,  s a t i s f a c t o r y  opera t ion  o f  a f t e rbu rne r s  a t  higher  in-  
l e t  v e l o c i t i e s  w i l l  be necessary i f  t h e  af terburner  f r o n t a l  area and 
weight a r e  t o  be kept wi th in  l i m i t s  imposed by t h e  r e s t  of t he  system. 

However, 
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Whereas present  af terburners  operate  s a t i s f a c t o r i l y  with burner- 
i n l e t  v e l o c i t i e s  between 450 and 550 f e e t  pe r  second, i t  appears t h a t  i n  
advanced engines s a t i s f a c t o r y  a f t e rbu rne r  opera t ion  w i l l  be  required a t  
burner- inlet  v e l o c i t i e s  as high as 600 t o  650 fee t  per  second. Consid- 
e ra t ions  o f  design t r ends  of f u t u r e  t u r b o j e t  engines ( re f .  1) and of 
e f f e c t s  of bu rne r - in l e t  v e l o c i t y  on momentum pressure drop i n  t h e  a f t e r -  
burner i n d i c a t e  t h a t  a reasonable compromise f o r  burner v e l o c i t y  would 
be about 625 f e e t  per  second. It should be emphasized t h a t  t h e  v e l o c i t y  
i n  the combustion zone, because of i t s  e f f e c t  on burner  pressure l o s s ,  
determines t o  a g r e a t  ex ten t  t h e  maximum u s e f u l  a f t e rbu rne r  temperature. 

TO provide information i n d i c a t i n g  a f t e rbu rne r  performance obtain- 
able a t  high bu rne r - in l e t  v e l o c i t i e s ,  a program has been conducted a t  
t h e  NACA L e w i s  l abo ra to ry  t o  determine performance with seve ra l  va r i -  
a t ions  i n  burner design. Variables receiving p a r t i c u l a r  a t t e n t i o n  were 
flameholder design and burner length.  A t o t a l  o f  12  flameholder con- 
f igu ra t ions  grouped by design concept i n t o  t h r e e  types were inves t iga t ed  
a t  an average bu rne r - in l e t  v e l o c i t y  of 625 fee t  pe r  second over a range 
of burner pressures  from 2700 t o  800 pounds D e r  square f o o t  absolute  a t  
a burner- inlet  temperature of about 1700' R .  A b r i e f  study of perform- 
ance a t  a bu rne r - in l e t  v e l o c i t y  o f  500 fee t  per  second, which i s  repre-  
s en ta t ive  of present  a f t e rbu rne r  design p rac t i ce ,  w a s  a l s o  conducted. 
The r e s u l t s  of t h e  inves t iga t ion  are summarized i n  t h i s  r e p o r t  and show 
configurations evaluated t o  provide high combustion e f f i c i e n c y  and wide 
operating l i m i t s .  

APPARATUS 

I n s t a l l a t i o n  

The engine-afterburner combination w a s  i n s t a l l e d  i n  an a l t i t u d e  
A bulkhead with a l a b y r i n t h  seal t e s t  chamber as shown i n  f i g u r e  1. 

around t h e  f r o n t  of t h e  engine w a s  used t o  allow independent con t ro l  of 
i n l e t  and exhaust pressures .  The l abora to ry  air systems supplied com- 
bustion a i r  t o  the  engine and removed t h e  exhaust gases.  The engine 
and af terburner  i n s t a l l a t i o n  w a s  mounted on a t h r u s t  platform equipped 
with a nul l - type pneumatic balance.  

Engine 

The i n v e s t i g a t i o n  w a s  conducted with a production-model axial-f low 
tu rbo je t  engine having a s t a t i c  s ea - l eve l  m i l i t a r y  t h r u s t  r a t i n g  of 5970 
pounds at an engine speed of 7950 rpm and an exhaust-gas temperature of 
1275' F (1735' R). 
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or  (3) flame spreaders.  These concepts a r e  based on the  following fac-  
t o r s  which pr imar i ly  account f o r  t h e  reduction i n  combustion e f f i c i e n c y  
at  high b u r n e r - i n l e t  v e l o c i t i e s  and low burner pressures:  

(1) Reduction i n  the  angle of spread of flame f r o n t s  because of  
increased axial veloc i ty  

(2)  Poor flame cont inui ty  i n  t h e  gu t t e r  p i l o t i n g  zone r e s u l t i n g  i n  
an incomplete flame f r o n t  iiowiistrsG i n  the p r o p g a t i n g  region 

(3) Xeai reckction i n  t.he react ion rate when t h e  combination of  
high v e l o c i t y  and low pressure a re  present  

The p e r t i n e n t  dimensions and d e t a i l s  of the  flameholder configura- 
t i o n s  as w e l l  as the  purposes of the three designs are given i n  the  
following t a b l e  : 
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I Instrumentat  ion 

The loca t ion  and amount of instrumentation used during t h i s  inves- 
t i g a t i o n  are shown i n  f i g u r e  2.  Whirl surveys were taken at a s t a t i o n  

14- inches downstream o f  t h e  tu rb ine  o u t l e t .  F u e l - a i r - r a t i o  surveys 

were obtained 33- inches downstream of t h e  tu rb ine  o u t l e t  (12- inches 

1 
2 

I 1 1 
2 

I 
2 

downstrean of the  fuel-spray . Engine and a f t e rbu rne r  f u e l  flows 
were measured by c a l i b r a t e d  flowmeters. A l l  pressures  
were measured with manometers and recorded photographically.  The temper- 
a t u r e s  were measured with iron-constantan c r  chromel-alumel thermo- 
couples; all temperatures were recorded by self-balancing potentiometers.  

Afterburner Configurations 

Burner. - Figure 3 i l l u s t r a t e s  t h e  l o c a t i o n  of t h e  a f t e rbu rne r  com- 
ponents and presents  t h e  pe r t inen t  dimensions and burner d e t a i l s .  The 
d i f fuse r  had an area r a t i o  ( o u t l e t  t o  i n l e t )  of 1.3 corresponding t c  an 

10 equivalent conical  d i f f u s e r  h a l f -  angle of approximately 2- . Antiwhirl  2 
vanes were i n s t a l l e d  at t h e  tu rb ine  o u t l e t ,  and vortex generators  were 
mounted on the  d i f f u s e r  inner  body. The burner s e c t i o n  w a s  c y l i n d r i c a l  
and measured 5 f e e t  from d i f f u s e r  e x i t  t o  exhaust-nozzle i n l e t .  The 
f i rs t  22 inches of t h e  burner s h e l l  w a s  perforated f o r  screech con t ro l  
( re f .  2 ) ,  and the  following 38 inches had a corrugated cool ing l i n e r  a t  
a mean distance from t h e  o u t e r  w a i l 1  o f  1/2 inch. Provision w a s  made f o r  
remote axial t r a n s l a t i o n  of t h e  flameholder ( f i g .  4) through a d i s t ance  
of 11 inches, with t h e  forward p o s i t i o n  32 inches downstream of t h e  end 

of t h e  d i f f u s e r  inner  body. The exhaust nozzle w a s  of t h e  clamshell  
var iable-area type ( f i g .  5) with an e f f e c t i v e  m a x i m u m  diameter of 24 
inches as compared t o  an e f f e c t i v e  diameter of approximately 19 inches 
required f o r  nonburning r a t e d  engine conditions.  Air-cooling w a s  pro- 
vided f o r  the exhaust nozzle. 

1 

Fuel i n j e c t o r s .  - One type of f u e l  i n j e c t o r  w a s  used for all con- 
f igu ra t ions  ( f i g .  6 ) .  The i n j e c t o r s  consis ted of f l a t t e n e d  r a d i a l  spray 
tubes which i n j e c t e d  fue l  normal t o  t h e  gas flow. Fuel w a s  i n j e c t e d  2 1  
inches downstream of t h e  tu rb ine  o u t l e t .  The hole  spacing w a s  based on 
equal m a s s  flow areas. No f u e l  w a s  i n j e c t e d  i n t o  approximately 30 per- 

I cent of  the flow a rea  near t h e  ou te r  w a l l  i n  o rde r  t o  keep f u e l  out  of 
I t h e  burner l i n e r .  

Flameholders. - The flameholders used i n  t h e  i n v e s t i g a t i o n  were 
evaluated on t h e b a s i s  of t h e i r  a b i l i t y  t o  provide high combustion e f f i -  
ciency at elevated burner v e l o c i t i e s .  The flameholder configurat ions 

I are c l a s s i f i e d  according t o  design concept as (1) mixers, (2)  screens,  .......... ....................... . 
0 .  0 .  .e.. . 0 .  0 .  . ...... ........ . 0 .  . 0 .  . 0 .  .io *- : 0 .  : 
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PROCEDURE 

Each flameholder was investigated at the following burner-inlet 
conditions: 

(1) Pressures of 800, 1200, and 2700 pounds per square foot absolute 
(except where operational problems restricted complete pressure 
LV - . n r T P 7 " Q c r p \  1 L A .  .ADl' 

(2) Velocity of 625 feet per second (two configurations (1 and 3) 
were also run at 50Q ftjsecj 

(3) Turbine-outlet gas temperature of 1700' R 

The afterburner fuel-air-ratio range covered was from the value for lean 
blr>w-out to the value for limiting turbine-outlet temperature with maxi- 
mum exhaust-nozzle =ea. The maximum afterburner fuel-air ratio at 
maximum exhaust-nozzle area was approximately 0.045 to 0.050, depending 
upon burner pressure loss and combustion efficiency of the particular 
configuration. Turbine-inlet hot-streak ignition was used for all 
configurations. 

The engine was operated at rated conditions except for the two runs 
in which engine speed was reduced to obtain lower burner-inlet velocities. 
The engine was not operated at any specific flight condition (ram ratio}. 
Engine-inlet pressure was set to maintain the desired burner-inlet pres- 
sure, and exhaust pressure was set to maintain a choked exhaust nozzle. 

Visual observations of the engine and afterburner outer shell, 
flameholder, and combustion zone were made during the investigation using 
observation ports, windows, and a periscope directed toward the flame- 
holder from outside the exhaust nozzle. 

Symbols are defined in appendix A and the method of data reduction 
is presented in appendix B. 

RFSULTS AND DISCUSSION 

Diffuser Performance 

Previous afterburner investigations have indicated that f o r  satis- 
factory afterburner performance the gas flow within the diffuser and 
into the burner section should have a fairly uniform velocity distribu- 
tion. Consequently, at the beginning of the program such devices as 
whirl vanes at the turbine outlet, vui-teii generztcrs  n?7_ t . h e  diffuser 
inner body, and a specially shaped diffuser inner cone were incorporated 
tc provide t,he desired aerodynamic conditions. 

....................... .......... . . . . .  . . 0 .  0 .  
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burner pressure.  
nozzle i n l e t )  had a peak value of about 1 2  percent  f o r  all burner  pres-  
sures. Nonburning burner pressure l o s s  w a s  about 5 percent ,  not includ-  
ing the  d i f f u s e r  pressure loss which was approximately 2.5 percent .  
These pressure  l o s s e s  fo r  a conventional flameholder are higher  than 
present  p r a c t i c e  because of t he  higher burner ve loc i ty .  

Burner pressure loss  {from burner in le t  t o  exhaust- 

E f fec t  of bu rne r - in l e t  ve loc i ty .  - The e f f e c t  of burner  v e l o c i t y  
on performance of t h e  reference flameholder i s  presented i n  f i g u r e  1 7  
f o r  a burner  l eng th  of 51 inches and a bu rne r - in l e t  p ressure  of 800 
pounds per  square f o o t  absolute.  
i n l e t  v e l o c i t y  from 500 t o  625 Yeet per second lowered combustion e f f i -  
ciency 3 t o  4 percentage points .  These results, i n  general ,  agree with 
results shown f o r  t h e  e f f e c t  of increased burner v e l o c i t y  as presented 
i n  re ference  5 f o r  comparable conditions.  I n  add i t ion  t o  t h e  e f f e c t  o f  
increased v e l o c i t y  on combustion e f f ic iency ,  t h e r e  i s  a l s o  t h e  e f f e c t  of 
increased v e l o c i t y  on burner pressure l o s s .  This amounted t o  an increase  
i n  peak burner pressure loss of about 40 percent  f o r  t h e  increase  i n  
v e l o c i t y  from 500 t o  625 feet per second. This increase  i n  burner pres -  
sure loss would be r e f l e c t e d  i n  a lower augmented t h r u s t  f o r  a given 
exhaust-gas temperature. 

The results show t h a t  increas ing  burner- 

E f f e c t  of burner l eng th  and i n l e t  condi t ions.  - The e f f e c t  of 
burner length ,  bu rne r - in l e t  pressure,  and bu rne r - in l e t  v e l o c i t y  on burner 
performance i s  summarized i n  figure 18. Reducing burner l eng th  from 57 
t o  46 inches ( f i g .  18(a]) lowered combustion e f f i c i e n c y  from about 80 t o  
65 percent  a t  a pressure of 800 pounds pe r  square foo t  absolute .  The 
e f f e c t  of burner length  on combustion e f f i c i e n c y  w a s  less as burner pres- 
sure  w a s  increased.  

Burner pressure l o s s  w a s  1 t o  2 percentage po in t s  higher f o r  t h e  
longer burner  lengths .  
higher momentum pressure l o s s  because of increased gas temperature; a l s o ,  
t he  proximity of t h e  flameholder t o  t h e  d i f f u s e r  may have r e s u l t e d  i n  
higher f r i c t i o n  pressure loss  because of t h e  flameholder being i n  a re- 
gion of higher  l o c a l  ve loc i ty  when i n  t h e  forward pos i t i on  ( m a x i m u m  
burner l eng th ) .  

The more e f f i c i e n t  burner r e su l t ed  i n  s l i g h t l y  

A decrease i n  burner pressure ( f ig .  18(b)) from 2700 t o  800 pounds 
per square f o o t  absolute  reduced combustion e f f i c i e n c y  from about 95 t o  
80 percent .  The t r end  of t h e  curve indicated t h a t  any f u r t h e r  decrease 
i n  burner pressure  would be accompanied by considerable e f f i c i e n c y  
reduct ion.  

Rais ing bu rne r - in l e t  ve loc i ty  ( f ig .  1 8 ( c ) )  from 500 t o  625 f e e t  per  
second reduced e f f i c i ency  only a s m a l l  amount, bu t ,  as discussed e a r l i e r ,  
increased burner pressure l o s s  appreciably. 

me. e... . . 0 . e  .. . . . . . . . .  
m a  o m  

0 .  ...... . . . . . . .  
m .  *. .......... 



The rate of d i f fus ion  f o r  t he  a f te rburner  d i f f u s e r  used i n  t h i s  
inves t iga t ion  i s  shown i n  f igu re  12, which presents  area r a t i o  aga ins t  
d i f fuse r  length.  The photograph shows t h e  d i f f u s e r  i nne r  body and the  
vortex generators.  

Antiwhirl vanes were i n s t a l l e d  at t h e  tu rb ine  o u t l e t  ( f i g .  13) t o  
minimize t h e  angle of whi r l  of  t he  gas flow wi th in  t h e  d i f f u s e r .  The 
r e su l t i ng  whi r l  c h a r a c t e r i s t i c s  are presented i n  f i g u r e  13, which shows 
whir l  angle as a funct ion of passage height  f o r  var ious engine operat ing 
conditions. 
w a s  not  affected by va r i a t ion  i n  e i t h e r  burner - in le t  ve loc i ty  o r  
pressure.  

The maximum whir l  angle w a s  approximately 10' t o  12' and 

Fa i r ly  uniform d i f fuse r -  o u t l e  t ve loc i ty  d i  s t r i b t u i o n s  (Vlocal/Vm, 

of 80 t o  85 percent) were obtained f o r  representa t ive  burner - in le t  con- 
d i t i o n s  ( f i g .  1 4 ) .  
by change i n  burner - in le t  pressure o r  ve loc i ty .  

The ve loc i ty  p r o f i l e  w a s  not appreciably a f f ec t ed  

The e f f e c t  of burner - in le t  pressure on f u e l - a i r - r a t i o  v a r i a t i o n  a t  
the  d i f fuse r  o u t l e t  i s  presented i n  f i g u r e ' l 5 .  The f u e l - a i r - r a t i o  p l o t s  
are superimposed on a sca l e  o u t l i n e  of t h e  a f te rburner  t o  show t h e  posi-  
t i o n s  of fuel-spray ba r s  and t h e  flameholder r e l a t i v e  t o  t h e  f u e l - a i r -  
r a t i o  survey s t a t i o n .  The outer  30 percent of t h e  annulus w a s  operat ing 
a t  approximately engine f u e l - a i r  r a t i o  t o  maintain t h e  burner s h e l l  a t  
safe operating temperature. A more uniform f u e l - a i r  r a t i o  i s  ind ica ted  
with increase i n  burner pressure and a t tendant  higher fuel-manifold 
pres  sure. 

Performance of Reference Two-V-Gutter Flameholder 

To provide a b a s i s  f o r  comparison of burner modifications,  t he  per- 
formance c h a r a c t e r i s t i c s  of a conventional two-V-gutter flameholder are 
presented f i rs t .  

Effect  o f  burner pressure.  - Pressure has a considerable e f f e c t  on 
the  e f f ic iency  of the  combustion process.  The e f f e c t  of changes i n  
burner- inlet  pressure from 2700 t o  800 pounds per  square f o o t  absolute  
on af terburner  performance a t  a burner - in le t  ve loc i ty  of 625 feet  per  
second i s  shown i n  f i g u r e  16 f o r  a f ixed  burner  l eng th  of 57 inches.  
Burner length i s  defined as the  d is tance  from the  leading  edge of t h e  
main flameholder g u t t e r  t o  t h e  exhaust-nozzle i n l e t .  Throughout t he  
invest igat ion,  va r i a t ion  i n  burner length  w a s  achieved by t r a n s l a t i o n  
of t h e  flameholder. Eff ic iency,  i n  general ,  w a s  only s l i g h t l y  affected 
by t h e  l imited va r i a t ion  i n  f u e l - a i r  r a t i o .  Peak combustion e f f i c i e n c i e s  
of 95, 90, and 82 percent occurred a t  a fue l -a i r  r a t i o  of  0.0425 f o r  
burner pressures of 2700, 1200, and 800 pounds per square foot  absolute ,  
respect ively.  The l ean  blowout, as expected, improved with increased 



I n  general ,  it can be concluded t h a t  with t h e  b e s t  mixer c l o s e l y  
coupled t o  the  flameholder, combustion e f f i c i e n c y  increases  of as much 
as 0.13 were obtained with an increase i n  burner pressure loss of 0.010 
t o  0.015. 

Screens. - The appl ica t ion  o f  several  screen configurat ions t o  
annular V-gutter elements and the  e f f ec t  on burner performance are shown 
i n  f i g u r e  22 f o r  two burner lengths.  For the  51-inch burner length ,  t h e  
addi t ion  of a 16-mesh screen plus a 16-mesh overlay screen t o  the  ref- 
erence flameholder r e s u l t e d  i n  about an 80-percent increase i n  burner 
pressure loss at  a fue l -a i?  r a t i o  of 0.035 with no improvement i n  e f f i -  

ha l f  by using a 10-mesh screen and making the  capture a r e a  l e s s  than the  
g u t t e r  width. With t h i s  screen configuration, the  lean  operating f u e l - a i r -  
r a t i o  l i m i t s  of t he  reference flameholder were improved by as much as 
0.005. The range of operat ion of the reference two-V-gutter flameholder 
with t h e  screen addi t ions w a s  r e s t r i c t e d  because of t he  combination of 
high burner pressure l o s s  and l imited exhaust-nozzle area.  A l e s s  se- 
vere screen addi t ion t o  a single-V-gutter flameholder r e s u l t e d  i n  only 
about a 20-percent increase i n  pressure loss  when compared t o  operat ion 
with no screens.  Combustion eff ic iency w a s  poorer than with t h e  r e f e r -  
ence two-V-gutter flameholder but  was about 5 percentage poin ts  higher 
with screens than without. Lean s t a b i l i t y  l i m i t s  again were improved 
by the  addi t ion  of t h e  screens.  

ciency. This :=crease 5 2  hijrner pressu re  l o s s  T:?Z~ annrgyimately c i i t  ifi -rr- --LA-- - -- 

From t h i s  inves t iga t ion ,  the screen technique does not appear prom- 
i s ing ,  because the  small gain i n  combustion e f f i c i e n c y  i s  o f f s e t  (from 
the  standpoint of t h r u s t  and spec i f ic  f u e l  consumption) by t h e  g r e a t e r  
burner pressure loss .  

Flame spreaders.  - The flame-spreading technique, as mentioned 
earlier, w a s  used t o  minimize the reduced flame-spread angle r e s u l t i n g  
from higher  burner v e l o c i t y  by t h e  use of many t r a i l i n g  elements. Per- 
formance of a r e l a t i v e l y  l a rge  single-V-gutter flameholder coupled wi th  
various t r a i l i n g - f i n g e r - g u t t e r  configurations i s  presented i n  f i g u r e  23 
f o r  t h ree  burner lengths .  The combustion e f f i c i e n c i e s  f o r  a l l  t h e  con- 
f i g u r a t i o n s  were less than f o r  t he  reference two-V-gutter flameholders. 
Because of superior  lean  l i m i t s ,  t he  operat ing range w a s  g rea t e r  than 
t h a t  f o r  t he  reference flameholder. I n  general ,  t he  burner pressure l o s s  
f o r  all configurations w a s  comparable t o  t h a t  of t he  reference flame- 
holder.  I n  order  t o  determine t h e  best  trailing-elemenA, configurat ion 
(open g u t t e r ,  s o l i d  bar ,  d i f f e r e n t  diameter tubes,  e t c . ) ,  v i s u a l  inspec- 
t i o n  of a spec ia l  flameholder shown i n  figure 24 w a s  made during burning. 
The 1/4-lnch tube configuration proved t o  have superior  flameholding 
a b i l i t y .  An increase i n  t h e  number of  tubes,  however, r e s u l t e d  i n  no 
improvement i n  eff ic iency.  Although flame w a s  seated on the  spreaders,  

t i o n  burning. To fu r the r  i l l u s t r a t e  t h e  flame-spreading p r inc ip l e ,  dl1 
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Designs t o  Improve Combustion f o r  High-Velocity Conditions 

Mixers. - A s  i s  previously mentioned, t he  purpose of t h e  mixer w a s  
t o  minimize the  e f f e c t  of reduced flame spread angle by increas ing  the  
mixing of burned and unburned mixture downstream of the  flameholder 
g u t t e r  zone and i n  so doing improve combustion e f f ic iency .  The va r i -  
a t i o n  of burner performance with f u e l - a i r  r a t i o  a t  a burner  pressure of 
1200 pounds per square foot  absolute  by the  i n s t a l l a t i o n  of severa l  
mixer configurations downstream of the  re ference  flameholder i s  pre- 
sented i n  f i gu re  19.  
r a t i o n s  f o r  d i f f e r e n t  burner lengths  i s  compared with t h e  performance 
of t h e  reference flameholder without mixer add i t ion  (shown by do t t ed  
l i n e ) .  
the  flameholder w a s  t r a n s l a t e d  t o  produce t h e  d i f f e r e n t  spacing between 
the  mixer and t h e  g u t t e r  and also t h e  d i f f e r e n t  burner lengths .  

The performance of t h e  ind iv idua l  mixer .configu- 

The mixer configurat ions were f ixed  t o  t h e  burner ou te r  w a l l  and 

I n  general, f o r  t h e  same spacing between g u t t e r  and mixer, t he  
vortex-generator mixer w a s  superior  t o  the  twisted-vane type.  For ex- 
ample, the combustion e f f i c i ency  f o r  t he  vortex type w a s  2 t o  5 percent- 
age points  higher,  and burner  pressure l o s s  w a s  about 0.005 (4  percent) 
l e s s  than with t h e  twisted-vane type. All mixer configurat ions,  except 
those  w i t h  extreme spacing between g u t t e r  and mixer, improved the  eff i -  
ciency of t h e  reference flameholder. 
t he  addi t ion of a vortex-generator mixer r e s u l t e d  i n  an increase  of as 
much as 0.13 i n  combustion e f f i c i ency .  An attempt t o  increase  the  mix- 
ing  by the addi t ion  of a twisted-vane mixer outboard of t h e  o r i g i n a l  
mixer ( f i g .  8 ( c ) )  w a s  not e f f e c t i v e  i n  f u r t h e r  improving e f f i c i ency .  
Th i s  w a s  probably due t o  t h e  i n e f f e c t u a l  l e a n  zone near t h e  ou te r  w a l l  
( f u e l - a i r - r a t i o  survey s t a t i o n ,  f i g .  15) where mixing r e su l t ed ,  t o  some 
exten t ,  i n  quenching i n  the  main burning zone. The flame s t a b i l i t y  of 
t he  reference flameholder w a s  not s i g n i f i c a n t l y  improved by t h e  mixer 
addi t ion .  The addi t ion  of t h e  mixers r a i s e d  the  burner pressure  l o s s  
0.01 t o  0.02. 

For t h e  sho r t  (46-inch) burner 

The e f f e c t  of t he  spacing between t h e  g u t t e r  and mixer on burner 
performance i s  shown i n  f i g u r e  20 f o r  two burner pressures .  Close coup- 
l i n g  of  the mixer t o  .the main burning zone (gu t t e r )  improved combustion 
e f f ic iency  by 1 2  t o  13 percentage poin ts ,  whereas spacing t h e  mixer 13 
inches downstream of t h e  g u t t e r  r e s u l t e d  i n  only 1-point  improvement. 
The r e s u l t s  were s i m i l a r  f o r  bu rne r - in l e t  p ressures  of 800 and 1200 
pounds per square foo t  absolute .  The extreme downstream l o c a t i o n  of t h e  
mixer a lso proved undesirable  from t h e  s tandpoint  of mixer l i f e ;  daqage 
t o  t h e  mixer elements of t he  twisted-vane mixer l oca t ed  19  inches from 
the  flameholder g u t t e r  r e su l t ed  a f t e r  only sho r t  opera t ion  ( f i g .  21 ) .  
Burner pressure l o s s  w a s  not a f f ec t ed  by changes i n  d i s t ance  between 
mixer and g u t t e r .  



of the  f i n g e r s  were removed and the  main gutter width w a s  increased t o  
hold the  blockage constant.  
approximately the  same as t h a t  f o r  the  best  f i n g e r  configurat ion.  

The r e s u l t  was t h a t  t h e  e f f i c i e n c y  was 

The conclusion can be made t h a t  t h e  flame spreaders inves t iga ted  
here in  do not hold much promise of improving combustion e f f i c i e n c y  over 
t h a t  obtainable  with a b a s i c  annular  two-V-gutter flameholder. 

A perrur-rnarice surrmary or" the optimum fiamenoider configurat ion from 
each design group i s  shown i n  the  b a r  graph ( f i g .  25) f o r  a burner length  
of 46 inches and burner - in le t  ve loc i ty  of 625 feet. per second, The vnr- 
tex-generator mixer flameholder was the  most promising; it showed com- 
bust ion e f f i c i e n c y  gains over t he  reference flameholder of as much as 
0.13 with an increase of only about 0.01 i n  burner pressure l o s s .  

Operational Charac te r i s t ics  

Lean s t a b i l i t y .  - Evaluation of t h e  lean s t a b i l i t y  l i m i t s  of d l  
t h e  flameholder configurat ions over a range of b u r n e r - i n l e t  pressures  
i s  show= i n  8 bar  graph ( f i g .  26) f o r  a burner l e n g t h  of  51 inches.  A 
decrease i n  burner pressure showed the  expected reduct ion i n  s t a b i l i t y  
l i m i t s  for all the  configurat ions.  The application of mixers t o  t h e  
reference flameholder d id  not appreciably change i t s  s t a b i l i t y  l i m i t s .  
The use of  screen addi t ions,  preferably those r e s u l t i n g  i n  small in -  
creases  i n  pressure loss, improved l e a n  blow-out f u e l - a i r  r a t i o  by as 
much as 0.01. A l i m i t e d  number of t r a i l i n g  f i n g e r  elements (34) at tached 
t o  a main annular g u t t e r  i nd ica t e  as much improvement i n  l e a n - l i m i t  fue l -  

I a i r  r a t i o  as 0.007 over t h a t  f o r  t he  reference flameholder. 

The e f f e c t  of burner length  and burner- inlet  v e l o c i t y  on lean blow- 
out c h a r a c t e r i s t i c s  of severa l  flameholder configurat ions is  presented 
i n  f igu re  27. The g r e a t e r  burning length  resu l ted  i n  t h e  b e s t  s t a b i l i t y  
l i m i t s  f o r  a l l  configurat ions.  The m a x i m u m  e f f e c t  of burner length  w a s  
shown f o r  t he  screen addi t ions  t o  the  reference flameholder. Lean blow- 
out w a s  only s l i g h t l y  improved by reduction i n  burner - in le t  v e l o c i t y  
from 625 t o  500 f e e t  per second. 

General. - Successful i g n i t i o n  of the  a f te rburner  w a s  accomplished 
f o r  t he  e n t i r e  i n v e s t i g a t i o n  by use of a preturbine hot -s t reak  method. 
The combustion process w a s  f r e e  of screech f o r  a l l  configurat ions inves- 
t i ga t ed .  A ceramic coated 0.060-inch Inconel l i n e r  w a s  i n  good condi t ion 
a t  the  end of  the  inves t iga t ion  after more than 50 hours of operat ion.  



CONCLUDING IGNARKS 

The results presented herein f o r  a burner having an inlet  v e l o c i t y  
of 625 feet per second ind ica t e  t h a t  a b a s i c  annular two-V-gutter flame- 
holder with blockage of about 30 percent i s  capable of operat ing a t  com- 
bustion e f f i c i e n c i e s  of 90 t o  95 percent f o r  optimum burner conditions,  
tha t  i s ,  a burner length  of 5 f e e t  and burner pressure of at least 1200 
pounds per sqiiare foo t  absolute.  A reduct ion i n  burner length  of about 
1 foot lowered the  e f f i c i e n c y  t o  80 percent.  Maintaining t h e  minimum 
burner length  and reducing burner - in le t  pressure from 1200 t o  800 pounds 
per square foo t  absolute  f u r t h e r  reduced e f f i c i e n c y  t o  about 65 percent.  
These values demonstrate t he  considerable adverse e f f e c t  on combustion 
e f f ic iency  o f  reduct ion i n  burner length  f o r  a burner having high i n l e t  
velocity.  Even though combustion e f f i c i e n c y  w a s  reasonably high f o r  t he  
annular two-V-gutter flameholder a t  optimum burner conditions,  some 
flameholder configurat ions showed promise of providing f u r t h e r  gains i n  
eff ic iency,  e s p e c i a l l y  a t  the  more c r i t i c a l  burner condi t ions.  By far  
the most promising configurat ion w a s  the  mixer. The b e s t  mixer w a s  t h e  
vortex-generator type which showed combustion e f f i c i e n c y  gains  over t he  
basic two-V-gutter flameholder of as much as 0.13 with an increase of 
o n l y  about 0.01 i n  burner pressure loss .  The screen and flame-spreader 
configurations showed l i t t l e ,  i f  any, promise f o r  improving combustion 
eff ic iency.  The lean operating f u e l - a i r - r a t i o  l i m i t s ,  however, f o r  t he  
screen and flame-spreader configurat ions as compared with those f o r  t h e  
basic two-V-gutter flameholder were improved by as much as 0.007 t o  
0.010. The flame s t a b i l i t y  of t he  b a s i c  two-V-gutter flameholder w a s  
not s i g n i f i c a n t l y  improved by the  addi t ion of t he  mixer. 

Lewis F l i g h t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Apri l  16,  1956 
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SYMBOLS 

The following symbols are used in this report: 

A 

cv 

Fj,s 

f 

g 

P 

R 

T 

v 
W 

Y 

11 

cross-sectional area, sq ft 

effective velocity coefficient, ratio of scale jet thrust to 
ideal jet thrust 

scale jet thrust, lb 

fuel-air ratio 

acceleration due to gravity, 32.2 ft/sec 

total pressure, lb/sq ft 

universal gas constant, 53.4 ft-lb/(lb) (OR) 

total temperature, R 

velocity, ft/sec 

weight flow, lb/sec 

ratio of specific heats 

combustion efficiency 

2 

0 

Sub s c r  i p t s : 

a air 

ab afterburner 

e engine 

ef f effective 

f fuel 

g gas 

i i dea i  

.......... ...................... . . e  . e  . . ...... . .  . e  ...... . .  . e  ..- ........ . . . . . . .  ............ .. 
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m n id f  rame vent 

s to i c  s toichiometr ic  

t t o t a l  

2 engine i n l e t  

7 d i f f u s e r  o u t l e t  

8 exhaust -noz z l e  i n l e t  



APPENDIX B 

METHODS OF CALCULATION 

The engine in le t  and minor a i r  flows are ca lcu la ted  by m e a n s  of t he  
one-dimensional flow parameters derived i n  reference 6. The equation 
i s  : 

where 

M @T i s  t h e  r e c i p r o c a l  of the  total-pressure parameter and i s  a 
PA 

funct ion of the  s t a t i c -  t o  to ta l -pressure  r a t i o  and of the  r a t i o  of 
s p e c i f i c  hea ts  (y = 1.4), and 
s t  a t ion .  

A i s  the  ca l ibra ted  area of t h e  measuring 

The t a i l p i p e  air flow obtained by reducing t h e  engine- inlet  a i r  
flow by t h e  amount b l ed  overboard i s  Wa,8  = w a J 2  - w ~ , ~ .  

The f u e l - a i r  r a t i o s  are obtained as f o l l o w s :  

Engine 

f , e  

600 wa, 8 

W 
fe  = 

Total  

Wf,e -k Wf,ab f t  = 
3600 W a , 8  

A f t  e rb  u r  ne r 

f t  - f e , i  
f e , i  

*stoic 

fab = 
1-- 

where feJ i  

across  t h e  engine at 100-percent combustion e f f i c i e n c y  (ref. 5 ) ,  and 
fs toic  

i s  the  f u e l - a i r  r a t i o  required .to give t h e  temperature r i s e  

i s  t h e  s toichiometr ic  f u e l - a i r  r a t io  f o r  t h e  f u e l ,  0.0676. 



The af te rburner -ex i t  temperature i s  ca l cu la t ed  from t h e  measured 
j e t  t h r u s t  by t h e  equat ion 

Veff wherd wg,8  = w a , 8 ( 1  + f t ) ;  - i S  the  v e l o c i t y  parameter obtained 

&= 
Fj,s as obtained f o r  t h e  given from reference 7; C, n 11 

exhaust nozzle from d a t a  f o r  ionburning condi t ions.  

The a f te rburner  combustion e f f i c i e n c y  i s  defined as t h e  r a t i o  of 
t he  f u e l - a i r  r a t i o  i d e a l l y  required t o  give t h e  temperature r ise from 
t h e  turb ine  o u t l e t  t o  t h e  a f te rburner  e x i t  t o  t h e  measured a f te rburner  
f u e l - a i r  r a t i o  and may be w r i t t e n  

f a b , i  
vab 5: - 

f ab 

i s  obtained from t h e  temperature f t , i  - f e , i  
where f a b , i  5: 9 and ft ,i  

f e , i  
f s t o i c  

1 -  

r i s e  T8 - T2 as  i n  re ference  5.  

FtEZ'ERENCES 

1. Gabriel, David S., Ki-ebs, Richard P., Wilcox, E. Clinton, and Koutz, 
Stanley L . :  
Supersonic F ighter  Airplanes.  NACA RM E52F17, 1953. 

Analysis o f  t he  Turbojet  Engine f o r  Propulsion of  

2. Harp, James L., Jr., Velie,  Wallace W., and Bryant, Lively:  Inves- 
NACA t i g a t i o n  of Combustion Screech and a Method of I ts  Control. 

RM E53L24b, 1954. 

3.. Reynolds, Thaine W . ,  and M a l e ,  Donald W.:  E f f e c t s  of Immersed Sur- 
faces  i n  Combustion Zone on Eff ic iency  and S t a b i l i t y  of 5-Inch 
Diameter Ram-Jet Combustor. NACA RM E54C24, 1954. 



4. Conrad, Earl William, Velie, Wallace W., and Schulze, Frederick W.: 
A Study of Flame-Holder Elements for Use in High-Velocity Af'ter- 
burners. NACA RM E54J01, 1955. 

5. Nakanishi, S., Velie, W. W., m d  Bryant, L.: An Irivestigatlon of 
Effects of Flame-Holder Gutter Shape on Afterburner Performance. 
NACA RM E535147 1954. 

6. Turner: L. R i c h A r d :  Addie; Albert N - j  e~c? 'limmnrmm, R i c h a r d  E.: 
Charts for the Analysis of One-Dimensional Steady Compressible 
Flow. NACA TN 1419, 1948. 

7. Huntley, S. C.: Ideal Temperature Rise Due to Constant-Pressure 
Combustion of a JP-4 Fuel. NACA RM E55G27a, 1955. 



FI 
0 
d 

e o  0 m o e  0 0 0 0  0 e om. moo moo 0 0 0  m m o m  moo 
m e  

:Om: 0 e .  5 i m o  m a  0 
om 0 .me0 m m m  

m o  m m m m o  m m e e m  0 0  m a  

o m  am 0 



m -- I 

r-- 

W -  

m -  

+ -  

M -  

I 

cu 

19 

N -  



....................... . . . . . . .  
0 .  0 .  ........ 

20 : : ........ 0 .  *.e: ...... 
0 .  0 .  . ....... ........ e .  0 .  .......... NACA RM E56D10 

t a l  

N N  

2 \ 

M 

al 

M ....................... .......... . .... . - 0 .  0 .  0 .  . 0 .  0 .  
. -  ...... ........ . :**: __ ...... 0 .  e .  . 0 .  . 0 .  . .......... 





....................... . 0 .  . 0 .  . . . . . . . . . . .  ...... ........ : 06: *IWCA RM E56D10 
0 .  0 .  

0 .  z2 *e.: ....... . 0.. ........ 

-- 

....................... .......... 
. 0 .  . 0 .  . .......... . .... . . . .  . 0 .  0 .  

0 .  0 .  

. 0 .  0 .  ...... ........ :**:*- . . . ... 



6 

' Fuel o r i f i c e -  
D i s t ance  from 

5" 

C D E F  C P I  A B 

€1 - 

F- 

n- 

B- 

end of bar,  i n .  ,0.4 __ 

i'' Incone l  t ube  wi th  - 1" wall /- 3 2  

0.95 1.54 2.10 2.65 3.19 3.65 4 . ~ 1 8  4 . ~ 2  

Or i f i ce  diam.,  0.024" 

I 

/- 
- 

--E 

-C 

-A 

1 
1 



. . . . . .  ....... . 0 .  . ....... : NACA RM E56D10 

....................... .......... . .... 0 .  . 0 .  0 .  ...... ........ 
0 .  . 0 .  . 0 .  0 .  

. : : .*a- ; **a ..... :**. 





.......... 

c-39935 

( c )  Inner and outer mixer assembly (configuration 4 ) .  

Figure 8. - Concluded. Mixer configurations. 
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( a )  16-Mesh screen plus lT 1 inches of 16-mesh overlay (configuration 5 ) .  

Figure 9. - Reference two-V-gutter flameholder with screen additions (f ront  view). 
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(b) 10-Mesh screen (configuration 6 ) .  

Figure 9.  - Concluded. Reference two-V-gutter flameholder with screen addi t ions 
( f ront  view). 
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Figure io. - Single-V-gutter flameholder with 10-mesh screen addition (configuration 7, 
front view). 
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(a )  Single V-gutter plus 24 outer tubes and 10 inner tubes (configuration 8) .  

Figure 11. - Flame- spreader f lameholders (rear view) . 



(b)  Single V-gutter plus 24 outer tubes, 24 outer gut ters ,  10 inner tubes, and 10 
inner gut ters  (configuration 9) 

Figure 11. - Contfmerl~ FLEEP- sprezder flam-eholders ( rea r  view) . 
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(c )  Single V - g u t t e r  plus 48 outer tubes and 20 inner tubes (configuration 10). 
a*- 

Figure 11. - Continued. Flame-spreader flameholders ( rear  view). 
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Single %gutter with same blockage a s  configuration 10 ( f i g .  l l ( c ) )  but no t r a i l i n g  
ubes (configuration 11). 

Figure 11. - Concluded. Flame- spreader f lameholders ( rear  view) . 
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Antiwhirl vanes and vortex generators mounted at  diffuser i n l e t  (looking doxnstream) 
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Figure 13. - Effect of burner-inlet velocity and pressure on whirl angle 
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Figure 16. - Variation in performance of reference two-V-  
gutter flameholder with afterburner fuel-air ratio f c r  
three burner-i.nlet 3ressures. Burner-inlet :reiceit:r. 
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Figure 17. - Effect of burner-inlet velocity on 
afterburner performance for reference two-V- 
gutter flameholder. Burner-inlet pressure, 
800 pounds per square foot absolute; burner 
length, 51 inches. 
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Distance from gu t t e r  t o  mixer, i n .  

44 48 52 56 60 
Burner length,  i n .  

1 I I I 1 

Figure 20. - Effect  of gutter-mixer spacing on af terburner  
performance. Burner-inlet veloci ty ,  625 fee t  per second; 
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Figure 21. - Photograph of twisted-vane mixer showing damage to elements. 
3979 
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Trailing Description 
element 

1 
2 
3 
4 1/2" Gutter 

1/2" Gutter plus 114'' tube (final configuration) 
1/2" Gutter plus 3/16" tube 
1/2" Gutter plus sol id  114" roa 

L 

I 

Figure 24. - Assorted tube configurations. 
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Burner-inlet 
pressure, 

lb/sq ft abs 

I 
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F 

Design 
concept 

Reference 
flameholder 

T 

f 
I 

Mixer 
(7 in. from 

i 
I 

Screen 

2700 ......... 
Flameholder description 

__c 

- Two-ring V-gutter plus twisted vane 

Single-ring V-gutter plus 10-mesh screen and 
trailing V-gutters 

Single-ring large V-gutter m- 
Single-ring V-gutter plus large trailing V-qutters - . 

I "  I I I I I 
0 .01 .02 .03 .04 .05 

Afterburner fbel-air ratio 

Figure 26. - Evaluation of the lean stability limits of various configurations over range of burner-inlet pressures. 
Burner-inlet velocity, 625 feet per second; burner length, 51 inches. 
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Burner length, 
in. 

2 

Configuration Flameholder description 

1 Reference two-ring V-gutter 

%-ring V-gutter plus  vortex-generator mixer (7 i n .  
from g u t t e r )  

6 Two-ring V-gutter plus 10-mesh screen 

10 

(a) Effect  of burner length. Burner-inlet pressure, 800 pounds per square foot  absolute .  

Burner- i n l e  t 
veloci ty ,  

Single-ring V-gutter plus  68 tubes 

f t / sec  

500 

Configuration Burner-inlet 
pressure, 

lb/sq f t  abs 

Flameholder description 

3 1200 Two-ring V-gutter plus  twisted-vane 
mixer (13 in .  from gutter) 

1 1 1 800 Reference two-ring V-gutter 
p 

Two-ring V-gutter plus twisted-vane mixer 

I I I I I I 
0 I O 1  -02 .03 .04 .OS 

Afterburner fue l -a i r  r a t i o  

(b)  Effect of burner- inlet  velocity. 

Figure 27. - Effect  of burner length and burner- inlet  velocity on lean blow-out charac te r i s t ics  of  
srveiai f:eiiiLeiwiJer c u r ~ i i g ~ ~ r e r i i u n s .  


