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By Ralph I. Ditt r ich 

An investigation was conducted t o  determine, by emeriaents  within 
the  scope of air-entry-hole geometry, design criteria f o r  tubular com- 
bustors  having good low-pressure  performance. Conibustion efficiency, 
operable  fuel-air-ratio and pressure  ranges, and minimum ignit ion  pres- 
sures were determined fo r  numerous 6.25-inch-diameter  combustor con- 
figurations at conditions  simulating a 5.2-pressure-ratio  turbojet  engine 
operating at 85 percent of rated r o t o r  speed, 8 f l i gh t  Mach nuiber of 0.6, 
and al t i tudes from 56,000 t o  80,000 feet. 

The best  over-all performance with respect to conibustion efficiency, 
operable fuel-air-ratio and pressure  ranges,  exhaust-gas  temperature  pro- 

ffgurations  having  alternate zone8 of closely  spaced  1/16-inch-diameter 
holes and  widely  spaced  5/8-inch-diameter  holes  throughout most of the 
conibustor length. The maximum co~fbustion  efficiencies  obtained f o r  a 
temperature rise of 680° F were 94, 85, and 67 percent a t  simulated alti- 
tudes of 56,000, 70,000, and 80,OOO feet,  respectively. With a con- 
figuration  having an igni t ion and flame-piloting  region  located  upstream 
of the normal fuel-spray cone, ignit ion was obtained at a pressure of 
3.8 inches of mercury absolute and an  air-flow  rate of 0.93 pound per 
second per  square  foot by means of an inhctance  spark  having an es t i -  
mated energy of 0.025 joule per spark. 

- file, and combustor-wall  temperatures was obtained  with conibustor con- 

INTRODJCTION 

Combustion research  in  progress at the NACA Lewis laboratory  includes 
studies of design  cr i ter ia   for   turbojet   codustors .  The research  described 
herein  consists of preliminary  investigations of the  effects  of air-entry- 
hole geometry on the  law-pressure  performance of a tubular,  research com- 
bustor. 
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I n  t h e  operation of current  turbojet  en$ine combustors a t  lgw inlet- * 

air-pressure  conditiom, hi@ a l t i tude  and low engine Hgeed, the  follow- 
ing combustor operational  deficiencies are enccruntered: (1) low combus- 
tion  efficiency, ( 2 )  flame blow-out  and instabi l i ty ,  (3)  insuflficient 
temperature r i se ,  and (4 )  nonignition.  Previuus  investigations, some of 
which a re  summarized in  reference 1, indicate  the  existence of a rela-  
t ion between combustor air-entry-hole geometry  and law-pressure  per- 
f omance . 
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The investigation  described  herein had a two-fold  objective: (1) 
d 
K a 
c\: t o  determine,  by  experiment6  within  the  scope of air-entry-hole geometry, 

design c r i t e r i a  f o r  tubular  combustors_.~vip@;"~ood law-pressure perform- 
ance and (2 )  to achieve a better  understanding of the re la t ion  between 
air-entry-hole geometry and combustor performance at-low-pressure  oper- 
ating  conditions. The air-entry-hole  geometries  investigated  included 
variations  in  hole  size,  total  hole  area,  hale-area  distribution, and 
hole arrangement. Hole arrangement was varied  to  induce  different air- 
flow patterns  within  the combustion zone. 
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A t o t a l  of 104 d i f f e r e n t  combustor-liner  configurations of 6.25- I. I. 

inch diameter were t e s t ed   i n  a relatively  large-diameter  test chmiber. - .  

A large-diameter t e s t  chamber w a s  used i n  place of a conventional  close- . " 

f i t t i n g  combustor housing i n  arder  t-o-privide  equal s t a t i c  pressures at 
a l l  air-entry  holes  for a l l  configurations. The performance of  each 
configuration was  determined on the  basis  of  combustion efficfency, 
flame  blow-out,  and ignition, at inlet-air  pressures of 15, 8, and 5 in- 
ches of mercury absolute, En inlet-air  temperature of 268O F, and air- 
flow rates  representative of current  engine-design  practice. These in l e t -  
air conditions simulated operation of a 5..2-pressure-ra%io  engine at a 
f l i gh t  Mach number of 0.6 and al t i tudes from 56,000 t o  g L O O O  feet .  The 
relatively  low-pressure-ratio  engine w&s considered  because it entails-  
more d i f f i cu l t  combustion conditions.  Fuel conforming to  specificat-ian 
MIL-F-5624A grade JP-4 was used in the  investigation. 
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The results presented  herein  are for  55 selected  configurations 
tha t  (1) gave the  best performance or ( 2 )  bes t   i l l u s t r a t e  the trends 
observed. A discussion of the  observed  effects of a l terat ions in  a i r -  
entry-hole geometry on combustor  performance is presented. I n  addition, 
the performance trends of  several experimental  configurations are  com- 
pared  with  those of a current production-model .,I ," . turbojet . combustor. 

. ." 
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APPARIYTUS " 

Test  Installation I 

A diagram of the test-chamber instal la t ion is  shown in   f igure  1. 
The air-supply and  exhaust  ducts were connected t o  the  laboratory 
combustion-air and  Law-pressure-exhaust  systems, respectively.  Air-flow 

- 
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ra tes  and chamber pressures were regulated by means of  sui table  remote- 
control  valves. An e lec t r i c  air heater  supplied  the  necessary  preheated - a i r .  

T e s t  Chauiber 

A relatively  large-diameter test chamber (24-in. aim., =-in. 
length),  details of  which a re  shown i n  figure 1, was used i n  order   to  
maintain  equal  static-pressures a t  all air-entry-holes  for all configu- 
rations. The conibustor un i t  w a s  accessible and removable through  an 
18-inch-diameter manhole. By means of observation windows located  in  
the manhole and i n  the  T-section of the combustor exhaust  (fig. l), both 
side and axial views of the flame were possible.  Side views of  the  
flame  were obtained by sighting  through  the  liner  air-entry  holes. 

As shown i n   d e t a i l  A, f igure 1, the  plate  that served as the  up- 
stream  enclosure  for  the combustor  and on which were  mounted the   fue l  
atomizer and the  ignit ion  plug had a  6.25-inch-diameter V-groove on its 
dawnstream face. A ring a t  the  exhaust end of the  combustor (detail B, 
f ig .  1) had a similar V-groove on i t s  upstream  face. The combustor l iner ,  
assembled  between the  plate and the  ring, had i t s  ends located  In  the V- 
grooves. Three clamp rods,  equally spaced in a 7.25-inch-diameter c i rc le ,  
were connected by removable pins t o  a bracket assembly tha t  m a  anchored 
to  the  damstream w a l l  of the test. ohamber. A t  the upstream end of the  
combustor the rods f i t ted  loosely  into  the  holes  of the   p la te   (de ta i l  A) 
and were provided  with coil   springs and adjustment nuts. The use of  
coil  springs  prevented damage t o  the couibustor assedly  by  thermal ex- 
pansion. An Eldjustable vertical  support  (not shown) was located  under 
the combustor  end plate  in  order  to  prevent  sagging of the combustor 
assembly. A mnall pipe (fig. 1) connecting  the low point of the t e s t  
chamber with  the  low-pressure-exhaust  duct was used to  drain-off any 
l iqu id   fue l  that  might accumulate i n  the test c-er during  the start- 
ing procedure. 

Instrumentation 

Air flow t o   t he  confbustors was metered by a sharp-edged o r i f i ce  
(fig. 1) installed  according t o  A.S.M.E. 8pecifications;  fuel flow was 
metered  by  a calibrated  rotameter. The conibustor inlet-air  temperature 
was measured  by means of a  single  iron-constantan thermocouple located 
at s ta t ion 1 (fig.  1). Exhaust-gas  temperatures were  measured at  s ta -  
t ion  3 by means of 1 7  chromel-alumel  thermocouples. Details of thermo- 
couple  construction  and  arrangement are given in   f igure 2. The tem- 
perature of the thermocouple located on the  duct  center  l ine  at   station 3 
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was used for  reference  only. The temperature6 measured by the remaining f 

16 thermocouples, equally  spaced  along  center lines .of tw_o equal areas 
of  the  duct  cross  sectfon  (station 3), were used i n  combustion efficiency 
calculations. The location of .s ta t ion 3 relative t o   t h e  fuel atomizer. 
t i p  i s  approximately  equivalent to  the  turbine  posit ion in 8 conventional 
turbojet  engine. By means of a suitable  switching arrangement, e i ther  
individual  temperatures  or  an  average  temperature of a l l  thermocouples 
(excluding  the-thermocouple  located at   the  duct  center  l ine) could be 
bbtained. The thermocouples were connected t o  a seif-bdancing poten- 
tiometer. 

" 

- 
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Combustor-inlet s ta t ic   pressure and co&ustor  static-pressure drop 
were measured with absolute and U-tube manometers, respectively;  the 
manometers were connected to   s ta t ic-pressure  taps   located  a t   s ta t ions 2 
and 4 .  

Co&ustor Fabrication 

The cylindrical  portion of the combustor was fabricated from 1/32- ' 

inch-thick  perforated sheet s t e e l  having 1/16-inch-diameter  holes on 
equilateral   tr iangular  centers 3/16 inch apart. Larger  holes were made 
as required. Holes not  required f o r  a particular  configuration were . 

closed by means of metal clamp-on bands-or,  in  the  case  of  holes 1/8 
inch i n  diameter or sumller,  by  applying a porcelain-tme cement. It- 
m a  possible  twremove the clamp-on bands o r  the  porcelain cement i n  
order t o  reuse  particular  holes  in  later  configuritions . - 

- 
". . .  

Combustor Modifications 

Air-entry-hole  arrangement. - The 55 combustur coufigurations re- 
ported herein had four types of hole tUTangemsnt. The d e f e r e n t  tmes 
were intended t o  induce different  air-flow  patterns  within  the combustor, 
namely: rotational, Funneled, zigzag, and segmented flow. Bketchee show- 
ing configurations  representative of each  type  are  presented  in  figure 3. 

Air-entry  holes. - Variations in  air-hole  distribution, ho le  size, 
and t o t a l  hole  area were inveetigated  with  each type air-flow sat tern.  
The number af  air-hole  variations  investigated  for  each  type flow pattern 
are  as follows: rotational, 8; fhnneled, 36; Z i g z a g ,  3; and segmented, 
8. The ovec-all  range in  air-hole  distribution  investigated is  indicated 
by the shaded area o f  figure 4. Hole sizes (excluding  the  rectangular 
di lut ion-air   s lots)  varied from 1/16- .t;lrl5/16-inch in diameter. Air- 
hole to t a l   a r ea  varied f r o m  19.9 t o  43.9 square  inches. 
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Fuel  atomizer  location and combustor length. - A hollow cone, 
simplex-type f u e l  atomizer  having an 800 spray  angle and rated a t  15.3 - gallons  per hour (a t  a pressure of 100 lb/sq in . )  was used in t h i s   i n -  
vestigation. The distance from the  face of  t he  combustor end p l a t e   t o  
%he plane  of  the  fuel-atomfzer t i p  (atomizer  protrusion  distance) of 
various  configurations  ranged from 0 (f lush)   to  4.4 inches. Twenty- 
inch-long combustors were used  with  atomizer  protrusion  distances from 
0 t o  1.5 inches. Longer cmbustors were used  with  atomfzer  protrusion 
distances greater than 1.5 inches in order t o  maintain a distance of 
approximately 27 inches from the  fuel atomizer t o   t h e  combustor-outlet 
temperature-measuring  plane (s ta t ion 3, f ig .  1). 

The ignition  spark gap was located a t  a point 1.50 inches from the 
ccuibustor center   l ine and 2.25 inches Prom the  conibustor end plate.  
Since  the  distance from the  spark gag t o   t h e  combustor end p la te  w a s  
constant  for a l l  configurations,  the  position of the  spark gap relative 
t o   t h e  normal fuel-spray cone varied with  atomizer  protrusion  distance. 
The spark gap was  located downstream of the normal spray cone f o r  
atomizer  protrusion  distances less than 0.5 inch and  upstream f o r  a t o m -  
i ze r  protrusion  distances  greater  than 0.5 inch. 

Igni t ion System 

- A commercial ignit ion  plug havizig a 0.070-inch spwk gap was  used 
with a l l  configurations. The ignition  current was supplled by a ll5-by- 
5000 volt, 60-cycle-per-second  transformer; the  estimated  spark  energy 
w a s  0.025 joule  per  spark. 

Procedure 

Combustor performance data were recorded for a range of fuel-air 
r a t i o s  at the  following  conditions: 

Condi- 
i n l e t  t i on  
Cozlibustor- 

s t a t i c  
pressure, 
in.  Hg abs 

A 

D 
8 c 

15 B 
15 

5 

Combustor- 
i n l e t  tem- 
perature, 

OF 

268 
268 
268 
268 

2.14 
2.78 
1.485 

.926 

Simulated 

tude i n  
reference 
engine a t  
cruise  speed, 

f t  

56,000 

flight alti- 

56,000 
70,000 
80,000 

?Based on reference cross-sectional area of 0.373 Sq ft. - 
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These condftlons  simulated  operation of the combustar i n  a reference 
turbojet  engine having a pressure  ratio of 5.2 and operating at 85 per- 
cent of rated engine- rotor speed a t  a f l i gh t  Mach  number of 0.6. Ah- 
flow rates at conditions By C, and D are representaeive of those  used  in 
current tubular-couibustor  design  practice;  the  air-flow rate a t  condition 
A i s  77 percent o f  current  values. 

Combustor reference  velocity ( V r )  was compu-t;ed from the air mass- 
flow rate, the combustor-inlet , density,  and the reference  .cross-sectional 
area. The reference  cross-sectional  area (0.373 sq f t )  w a s  tha t  of an . 
imaginary combustor housing having  an area 1.75  times the  cross-sectional 
area of the combustor l iner.  

Codustion  efficiency is  defined as the  ratio of actual  enthalpy 
rise  across  the couibustor (between stations 1 and 3, fig:l) t o   t he  
enthalpy  supplied by the fuel and was computed by the method of refer- 
ence 2. Inspection data for  the MIL-F-5624&grade JT-4 f u e l  used i n  
this investigation are shown in   t ab le  I. The static-pressure loss 
between the .combustor  housing and. the outlet duct  (statiofls 2 and 4, 
f ig .  1) i s  presented in terms of the  dimensionless  parameter M/q,. 
The reference dynamic pressure q, was computed from the  inlet-ai r  den- 
s i t y  and the combustor reference  velocity . Vr. 

. - -. . -. 

Since  each conibustor conf3guration .was .modif ied i n  order t o  produce 
succeeding  configurations,  the  reproducibility of data during the  inves- 
t igat ion was not  determined. From p rev iou  experience  with  similar- 
apparatus, it i s  estimated  that  the  values  of combustion efficiency re- 
ported  herein are reproducible  within &3 percent. 

. . "  

RESULTS AND DISCUSSION 

Combustion-efficiency data obtained  with 55 different combustor 
configurations  are  presented  in  figures 5 to 8. Internal air-flow 
pattern,  air-entry-hole  distribution, t o t aLa i r - J ide  area; and air-hole 
s i ze  were varied. The data are  eouped  in  f igures 5 to-8 according t o  
type of internal  air-flow  gattern and  operating  condit5on. For s i m -  
plicity,  individuai  configurations  are  not  treated  in  these  figures; 
rather,  the  figures  indicate  the  over-all  Uference in performance 
obtained  with a large  variety of turbojetcombustor  -designs. A brief 
description of the  design and  performance of  several  individual con- 
figurations i s  presented. i n  table 11. - .  

Curves are  faired through data points ( f igs .  5 , t o  8) that  represent 
the maximum and minimum combustion efficiencies  obtained throughout t he  
fuel-air-ratio range. It i s  noted that, in  general, at the  high-pressure 
conditions (A and B),  the  difference  in combustion efficiency of the 

. " 
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various  configurations was mall over most of  the  fuel-air-ratio range 
investigated and that  the  greater  differences  occurred at the  lower &el- 
sir ra t ios .  A t  the  low-pressure  conditions (C and D), t he  greater dif- 
ferences sometimes occurred at high  fuel-air   ratios,   indicating more 
c r i t i c a l  rich-mixture  conditions a t  the  lower pressures. In addition, 
detailed  inspection  of  the data indicated  that  no one configuration had 
the  highest combustion efficiency a t  all conaftions  investigated. 

B e s t  Perf 0rmiu.g Configurations 

From the 55 configurations,  three w e r e  chosen to represent  the best 
performacce obtainable,  each  with  respect t o  one of  the  following  charac- 
t e r i s t i c s :  (1) combustion efficiency a t  a pressure o f  8 inches of m e r -  
cury (condition C) ,  (2)  conibustion efficiency at a pressure of  5 inches 
of mercury (condition D) ,  and (3) mInim.m ignition-pressure limit. 
Design details of the  three  selected  configurations axe presented i n  
figure 9; the  operational data, i n   t a b l e  III; and the  cambustion e f f i -  
ciency data, i n  figure LO. Configurations 75 and 79 had the highest 
combustion efficiency over a wide fuel-air-rat io  range at conditions C 
and D, respectively;  configuration 87 had the 'lowest ignition-pressure 
limit. - 

For a comparison of performance t rends,   cdust ion-eff ic iency data 
obtained  with a current production-model turbojet  conibustor (ref. 3) are 
included i n  figure Lo. The absolute performance l e v e l  of  the  experi- 
mental. combustors should  not  be compared with  that  of t he  production- 
model combustor. The production-model conibustor w a s  o f  smaller  diameter, 
and the  basis f o r  i ts  design  included  factors beyond the  scope of the 
present  investigation, such as carbon deposition, wide operating ranges, 
and durabi l i ty  problems encountered at l o w  a l t i tude.  

A t  conditions A and B, the  combustion efficiency of the  ex-perimental 
combustors (fig.  10) w a s  essentially  constant  over  the  fuel-&-ratio 
range  investigated; a t  t he  low-pressure  conditions C and D, however, com- 
bustion  efficiency  decreased  with an increase i n  fuel-air ra t io .  The 
observed effect   of  f 'uel-air   ratio  indicates that the  experimental com- 
bustors had a r ich  primary-zone mixture condition at low operating  pres- 
sures. In  contrast ,   the combustion efficiency of t he  production-model 
conibustor increased  with  an  increase  in  fuel-air   ratio at operating con- 
a t i o n s  A, B, and C, indicating a lean primary-zone mixture condition a t  
low fuel-air ra t ios .  T h i s  lean-mixture  condition may account for   the 
f a c t  that burning was not  possible at condition D with  the  production- 
model combustor (ref. 3) . . 

A correlation of the  combustion efficiency data of the  three selected - configurations  with a co&ustion parameter Vr/PiTI (reciprocal of t h e  
parameter  used i n   r e f .  4)  i s  presented  in figure ll (Vr is the  combustor 
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reference  velocity; Pi, the  combustor-inlek  absolute  static  pressure; 
and T i ,  the  combustor-inlet  absolute  temperature). In  f igu re   l l ( a )  it 
the  combustor-inletabsolute  static  temperature).  In  figure  ll(a) it 
w i l l  be  noted that,. fo r  a combustor temperature r i s e  of 680° F, the 
highest combustion efficiency  obtained at a p r e s p r e  of 15 inches of 
mercury (condition B) was 94 percent; a t  a pressure of 8 inches  of mer- 
cury  (condition C) ,  85 percent; and a t  a preBsure of 5 inch- of mercury 
(condition D), 67 percent. Combustion efficiencies  obtained  for a 
temperature-rise of KL80° F ( f ig .   l l (b ) ) ,  a t  conditions A, B, and C, 
were only  slightly lower than  those  obtainea  for 680° F a t  similar inlet. 
conditions. . .  . 

The ignition-pressure limit- of configuration 87 w a s  lower than i t s  
stable-burning  pressure l i m i t  with  the  ignitor off.  A t  air-flow rates 
of 0.93  and 1.47 pounds per  square  foot  (based on a reference combustor 
housing  cross-sectional area of 0.373 sq f t ) ,   i .gni t ion was obtained at 
pressures of: 3.8 and 5.0 inches of mercury.  absolute,  respectively, wit-h 
a spark e n e r a  of approximately 0.025 j d e  per q~ark. Reference 5 
indicates t h a w o r  a production-model combustor with comparable ignit ion 
equipment, the  pressure rewired fo r  ignit ion i s  considerably  higher  than 
the minimum pressure at which stable  burnlig .is o't;tained. .. 

. . . . . . . " . . . 

Representakive  combustor-outlet  temperature p ro f i l e s   a t   s t a t ion  3 
(see  fig. 1) for  configurations 75 and 79 &re presented in figure 12. 
Configuration 79 (fig.   9),  which had the  larger  dilution-air   slot6 and 
no closely  spaced small holes  in  the downstream portion of the combustor, 
had Lower temperature  gradients. 

The static-pressure losses 09 the three selected  configurations  for 
a range of inlet-to-outlet  density  ,ratios are- presented i n   f i g u r e  13. 
The data of  figure 13 indicate  the  pressure lo s s  occurring  inside  the 
combustor l iner  only. Pressure-loss  data  obtained  in other investiga- 
tions  usually  include,  in  addltion,  the loss due to air flow through a 
relat ively small  annular area between the  l iner  and the combustor housing. 

Inasmuch as the  experimental combustors were. not  investigated at 
high-pressure  conditions, l i t t l e .  is k p o ~  concerning the  durabili ty of 
the   l iner  and ignition  plug  or  the  carbon forming tendencies. " 

Effect of Cambustor Design on Performance 

In.the  present  experimental  investigation,  only  limited data were 
obtained to indicate  the  effects of systematic  variations i n  combustor 
geometry on combustor performance. An attempt was made, nevertheless, 
t o  analyze colllbustor performance with  respect  to  the  design  parameters 
investigated:  internal air-flow pattern,  air-entry  area,  air-hole  size, 
and combustor geometry upstream of the  fuei-spray cone. 

f .- 
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Effect of internal  air-flow  pattern. - A comparison  of the maximum 
combustion eff ic iencies  ( the upper  envelope  curves from figs. 5 t o  8) 
obtained  with  each of the f o w  di f fe ren t  &r-f low patterns-is  presented 
i n  figure 14. It i s  noted that the maximum combustion eff ic iencies  
obtained w i t h  f'umeled-flow  configurations, at any fue l -a i r   ra t io  or 
operating  condition, w e r e  approximately equal t o  o r  higher than  those 
obtained w i t h  any of  tke other  configurations. Also, individual 
funneled-flow  configurations had the widest operable Fuel-air-ratio 
ranges at conditions C and D. None of the segmented-flow configurations 
would burn a t  condition D. 

It i s  of  interest   to  note that the high conibustion eff ic iencies  
obtained with some configurations at low fuel -a i r   ra t ioe  (fig.  14) were 
not  obtainable at high fue l -a i r   ra t ios  regardless of  air-hole geometry 
used. 

Combustor-outlet  gas-temperature profiles,  obtained a t  s ta t ion  3, 
for  representative  fumelea-,  segmented-,  and zigzag-flow configurations 
are presented i n  figure 15. These three configurations had a similar 
dilution-air-hole geometry a t  the downstream portion of the c d u s t o r .  
It is noted that the zigzag-flow  conf'iguration had an unsymmetrical 
outlet-temperature  profile and that the temperature  gradient of the 
segmented-flaw configuration was greater than that of the funneled-flow 
configuration. S i m i l a r  data for rotational-flow  configurations were not 
obtained. 

Of the four  air-flow  patterns  investigated,  the  funneled-flow con- 
figuration gave the  best   over-al l  performance with respect t o  conibustion 
efficiency,  operable  fuel-air-ratio and pressure ranges, combustor-wall 
temperature, and outlet-temperature  profile. The zigzag-flow combustors 
produced  unsymmetrical outlet-temperature  profiles  and  hot-spots on the  
comkustor Uner. The segmented-fluw  and most of t h e  rotational-flow 
combustors would not burn a t  the lowest pressure  investigated. 

Effect of a i r -entry area. - The range  of  variations in air-hole 
distribution  investigated and the  air-hole  distribution of the  three 
best performing  configurations are indicated  in  figure 4 .  With a par- 
t icular  air-flow  pattern,   the  effects of varying air-hole dis t r ibut ion 
and to t a l   a i r - en t ry  area were shown t o  be very  significant,   particularly 
at low-pressure and low-fuel-air-ratio conditions  (figs. 5 t o  8). I n  
the  best performing configxations,  approximately 25 percent of the  t o t a l  
air-entry  area w a s  located i n  t he  first one-half of combustor length 
(fig.  4).  This value i s  subs tan t ia l ly   in  agreement with tha t  of refer- 
ence 6, which suggests that approximately 20 percent of the  t o t a l  air- 
entry area be  located  in the " first .. one-half of codustor  length.  A 
marked reduction, below 20 percent, i n  percentage to t a l   a i r - en t ry  area 
within  the first one-half  of combustor length resulted i n  a downstream 
s h i f t  of the  v is ib le  flame front  at high fuel-air ratios,   indicating 
over-rich primary-zone mixture conditions. 
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Analysis of .da,t.a obtained  with a l l .  cp_afigur.&t$ons indicated  the 
importance,  with  respect t o  conibustion efficiency and operable fuel-air 
r a t i o  and pressure rangea, of air-entry Ge.a in  the upstream  portion 
of the  combustor.. An i l l u s t r a t ion  of  the  trends  noted i s  shown i n   f i g -  
ure 16. Four  combustors were investigated that varied only in air-entry 
area  within.4  inches  of  the  fuel-atomizer. tip. A t  condition C ( f ig .  
16(a)), it i s  noted that, a8 the  air-entry akea n e e  the   fue l  atomizer 
was increased,  the combustion efficiency  increased  at--rich  f 'uel-air 
ra t ios  and  .decreased at lean  fuel-air  ratias, indicating- a reduction cg 
primary-zone fuel-air   ra t ios .  The peak combustion..effFciency a t  condi- 
t ion C, however, was not-  affected by var ia t ions  in  primary-zone air- 
entry  area. A t  condition D (fig.  16(b)), an increase  in  air-entry  area 
increased  both  the  rich and lean   b lq-out  Gel-air- rat ios .  

The effects   afYariat ions  inAotal   a i r -hole  area on conibustion 
efficiency were not  systematically  investigated.  In  general, it was 
observed tha t  for configurakions  having  reduced total   air-entry  area,  
hence higher  pressure loss, combustion efficiency w a s  leks sensit ive - 

to variations  in f'uel-air ra t io .  
. .  .. .. 

Effect of hole  size. - Within, the  range  investigated,  variation i n  
hole  size  in  the downstream three-fourths of combustor length had little 
effect  on  combustion -efficiency; i t s  effect  on combustor-wall  temperature 
and exhaust-gas  temperature  gradient was, however, significant. The use 
of only  closely spaced, small holes  (1/16~Ln. dim.  ) throughout the com- 
bustor l ength  confined  the  visible flame zone t q 2 h e  conibustor core and 
produced large  exhaust-gas  temperature  gradfents. With such conibustors, 
low temperatures on the  l iner  walls were observe.d.... Configurations having 
only widely  spaced,  5/8-inch-diameter  holes in the-second and th i rd  ' 

quarters of combustor length produced more .ugifo-E-..e.xhaFt-gas  tempera- 
tures,   but.a  substantial   increase  in  ~wnstremn. combustor-wall tempera- 
ture  was observed. . .~ - . . , . - 

Visual  observations of internal  mixi-ng indicated that de-eper air- 
jet"penetration  resulted from the use of the larger  holes and that   the  
greater  circumferential  spacing between th4 large air jets  permitted the 
flame  path t o  approach the combustor w a l l .  In  general, high w a l l  tem- 
peratures were observed wdth a% configuration  in which relatively  large 
areas of the conibustor w a l l  had no closely  spaced small holes. With 
configurations having al ternate  zones of closely  spaced  1/16-inch-diameter 
holes  and af widely  spaced  5/8-inch-diameter  holes  (configuration 79 o r  
87, f ig .  9), the  visible flame boundary was observed to  recede from the 
combustor w a l l .  a t  zones of small holes  and to approach the wall at  zones 
of large  holes. . . , .  

.. 
" 

.. 

.. . 

. ". 

- 

I- 

- 
r- 

.. 
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Another example of the   e f fec t  o f  hole  size on exhaust-gas tempera- 
ture prof i le  i s  shown i n  figure 12 (configurations 75 and  79). Con- 

75 (fig.  9) and no closely  spaced small holes i n   t h e  downstream portion, 
had the  lower exhaust-gas temperature gradient. 

" figuration 79, which had larger   di lut ion-air  s l o t s  than  configuration 

Relatively  cool combustor walls and low exhaust-gas temperature 
gradients w e r e  obtained at   the  operating  conditions of this   invest iga-  
t ion  by  the  use of a dis t r ibut ion of large and small holes 8s  indicated 
f o r  configurations 79 and 87, f igure 9. 

Effect of combustor geometry upstream of fuel-spray cone. - The 
annular volume (fig.   3(b)) bounded by  the normal fuel-spray cone, the 
combustor w a l l ,  and the upstream end plate  consti tuted  the  ignit ion and 
flame-piloting zone. A flame  located i n  this region w a s  considered  to 
aid  vaporization  of fuel by  direct   heat   t ransfer   to  the spray  droplets 
and by  increased combustor-wall  temperature i n   t h e  fuel-impingement 
region. 

Variations  in  the  air-entry-hole geometry, t he  volume of the flame- 
piloting  region, and the  spark-gap loca t ion   ( re la t ive   to   the  n o m 1  
fuel-spray  cone) were inves t iga ted   in   an   e f for t   to  improve igni t ion and 
flame-piloting  characteristics of the combustor. Some configurations 
having a large  flame-piloting-region volume (fuel-atomizer  protrusion 
distance of approximately 4.4 in . )  had an a i r  jacket  surrounding  the 
fuel-supply  l ine  in  the combustor  (e.g., configuration 75, f i g .   9 ) .  Afr 
entered  this  jacket  through  openings i n  the  upstream  end p l a t e  of the  
cornbustor and was discharged  radially from holes i n  the  jacket w a l l  and 
axially,   in  an upstream  direction, from curved  tubes. This jacket w a s  
intended t o  reduce heat   t ranefer   to   the  fuel   wi thin  the  supply  l ine,  and 
the a i r  jets were intended t o  increase  the  recirculation of' gases i n   t h e  
flame piloting  region. With such  configurations,  the  ignition and flame 
pi lot ing  character is t ics  w e r e  similar  to  those  observed  with  configura- 
tions having  an  atomizer  protrusion  distance of only 1.5 inches  and 
having no jacket  with dr-guide tubes. With configurations 79 and 87 
(f ig .  S ) ,  flame piloting  occurred  upstream of t he  normal fuel-spray cone 
a t  a l l  fue l -a i r   ra t ios  of the  various  operating  conditions  investigated. 
The minimum ignition  pressures  obtained  for a number of configurations 
increased from approximately 4 t o  9 inches  of mercury absolute  with an 
increase  in  air-flow rate f o r  the  range of air flows investigated (0.93 
t o  2.78 lb/(sec)(sq f t ) ) .  I n  general,  ignition w a s  obtained at o r  below 
the  stable-burning  pressure l i m i t s  f o r  combustors having a rlng of six 
5/8-inch-diameter  holes  located  approximately 3 inches  downstrem  of  the 
plane of t he  atomizer, rings of closely  spaced  1/16-inch-diameter  holes 
upstream of the  5/8-inch-diameter holes (e.g., configurations 79 and 87, 
ffg. 9 ) ,  and a spark-gap located  upstream  of  the normal fuel-spray cone. 
Apparently, the  air-flow currents, as produced  by  such  an air-entry-hole 
geometry, deuvered   fue l  vapors  upstream t o   t h e  spark-gap  region, and 
the   loca l  gas velocit ies w e r e  suf f ic ien t ly  low f o r   i n i t i a t i o n  and  propa- 
gation of flame. 



Protrusion of the  fuel  atomizer  into  the combustion zone caused 
some prevagorization w i t h i n  the atomizer assembly a t  low f u e l  flows  and 
resulted in  fuel  surging and combustion ins tab i l i ty .  . 

" 
" 

Thai r -en t ry-hole  geometry  of a tubular  research combustor w a s  
experimentally  varied t o  determine combustor design  principles f o r  g0o.d 
low-pressure  performance. The following  results- were obtained: ." ;;r 

m 
N 

1. O f  the combustor configurations  investigated,  those h a v i n g  a l t e r -  
nate zones of closely  spaced 1/16-inch-diameter air-entry  holes and 
widely  spaced 5/8-inch-diaxneter holes  gave,the  beetover-all  performance 
with  respect t o  combustion efficiency,  operable  fuel-air-ratio and pres- 
sure  ranges,  exhaust-gas  temperature  profile, and  combustor-wall t e m -  
perature. l i  

2. A t  con&itions simulating a 5.2-pressure-ratio  turbojet  engine . " 
.. 

operating a t  85 percent  rated  rotor speed, a f l i gh t  Mach  .number of 0.6, 
and a combustor temperature rise of 680° F, maximum combustion effi-  
ciencies of 94, 85, and 67 percent were obtdned at simulated  altitudes 
of 56,000, 70,000, and 80,000 feet, respectively. 

- -, 

. -  

. .  

3. Within  an ignit ion and flame-pilotlng-region  located upstream of 
the normal fuel-spray cone, ignit ion was obtained a t  or b e l o w  the  stable- 
burning-pllessure l i m i t  of the combustor. -With a configuration  having  such 
an igni t ion and flame-piloffng  region,  ignition w a s  obtgi.ned at a pressure 
of  3.8 inches of mercury absolute and an air-flow rate  of- 0.93 pound per 
second  per  square foo t ,  by means of an inductance spark having an e s t i -  
mated energy  of 0.025 joule per-  spark. " 

-. - 

- 

. .  . ." 

Lewis Flight  Propulsion  Laboratory 
National Advisory Comnittee f o r  Aeronautics 

.. 

Cleveland, Ohio, July 2, 1953 
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TABIE I. - FUEL AmAI;ySLs 

Fuel properties 

A.S.T.H. distillation 
D86-46, %' 
Initial b o i l i n g  point 
Percent evaporated - 

5 
10 
20 
30 
40 
.50 
60 
70 
80 
90 

F ina l  boiling point 
Residue,  percent 
Loss, percent 

Aromatics,  percent by 
volume 
A.S.T.M. D-875-46T 
Sil ica gel 

Specific gravity 
ViSCO6ity,  centistoke6 

a t  looo F 

~ b / s q  in. 
Reid vapor presmre, 

E€ydrogen-carbon ra t io  
Net  heat of cabustion 

MIL-F-562bA. grade JP-4 
(NACA fuel 52-53) 

136 

183 
200 
225 
244 
263 
278 
.301 
32 1 
347 
400 
498 
1.2 
0.7 

. .. 

8.5 
10.7 

0.757 
0.762 

2.9 

0.170 
18,700 

c 

. 
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TABLE TT. - I E X R I P T I O N  AND P Z R E ’ O m C E  OF l3DIVIccTAL CCNFIGURIIT.ION6 

@ noted the text, the major differences i n  performance ~f the 
various  configurations  occurred mostly a t  the low-pressure 

conditions, C and D .] 

Configuration 

n 

Description 

Fuel atonclzer flush  with 
end p h t e .  Total hole 
-8, 40.9 6q in. Hole 
area vlthin 4~ In. of 
atomizer, 3.8 sq in. 

1 

Fuel atomizer protrudes 
5- in. Otherwise iden- 

tical with configuration 
60. 

1 

Similar t o  configuration 
79 (fig. 9)  except that 
configuration 80 has 2 
r i n g s  of 5 / 8 - h .  diam. 
holes and fewer 1/16-inr 
diem. holes in primary 
zone. 

S b l l a r  t o  conFlguration 
87 (fig. 9) except that 
wnflguration 88 has no 
5/8-inn.-diem. holes In 
primapy zone. 

similar t o  configuration 
87 except  that r ings  of 
1/16-in. -diam. holes 
were replaced by 5 / 8 - L  
dim. holes. 

Similer t o  configuration 
92 except that there 
were no 1/16-in.-dfam. 
holes between Ist and 
2nd rings of 5/8-in.- 
dim. holes. 

Performance 

Combustion efficiency at 
condition D v’aried from 
82 t o  65 percent in  fuel- 
&-ratio  range from 
0.010 t o  0.014. Rich 
bloa-out at  0.0144. 

CcPnbustion efficiency at 
condition D varied from 
67 t o  54 percent i n  fuel- 
&-ratio range from . 
0.0125 to 0.0204. 

Combustion efficiency and 

that of configuration 79 
operable  range 6 i m l l ~ ~ r  t o  

of text. Ignltion at 
pressure of 4.0 in. . E g  
&a. Good flame p i h t -  
ins. 
Combustion efficiency 88 

much as 30 percent lower 
at condition C than for 
configuration 87. Would 
not burn at condition D. 

Conibustion efficiency at  
condition D approximately 
15 percent lcrwer than f o r  
configuration 87 at com- 
parable fuel-air ratios.  
H i g h  w a l l  temperatures. 

combustion efficiency 
approximately 10 percent 
lower at condition D than 
for configuration 92 at 
camparable f’uel-air 
ra t ios .  Elgh w a l l  
temperatures 
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TABLE II. - DESCRI€TION A?TD PERPORMAmCE QF INDIVIDLTAL CONFIGURATIONS - Continued 

[As noted in  the texts the major differences in performance of the  
various  configurations  occurred  mostly at  I5rc low-pressure 

Configuration . Description 

n Total hole  area, 34.0 SQ 

in. Area of l / i s -~n . -  ~ 

dim. holes, 20.6 64 in. 

n I Total  hole  area, 32.7 sq 

Total hole area,. 31.7 sq 
in. Area of 1/16-in.- 
dim. holes, 16.0 sq in. 

and a i  three 5/8-in.-diam 
holes . 

Of Six 7/164n.- 

I B l m i l a r  t o  configuration 
99 except that374-in.  - 
dim. holes rep lace  
7/16-+. -dl.=. holes. 

I Total hole area, 22.6 8q 
in. Area of 1/16-in.- - 
dim. holes, 9.3 sq in. 

in. Area of 1/16-in.- dl.=. holes in  primary 
region, 3.9 sq in. Six  
15/16-in. I .D.  mirl 
generator  tubes. 

Performance 

Conibustion efficiency at  
condition D varied from 
30 t o  25 percent i n  fuel- 
air-rat io  range from 
0.014 t o  0.026. Law 
w a l l  temperatarea. 

Combustion efficiency at 
condition D varied from 
50 t o  25 parcent  in  fuel- 
&-ratio range from 
0.016 t o  0.029. Lou 
w a l l  tearperatures. 

Combustion efficiency at 
condition D varied f r o m  
43 t o  21  percent in fuel- 
a i r - ra t io  range from 
O.Ol.8 t o  0.026. Ignition 
errat ic .  

Lean blm-mt a t  ~Ondi-  
t ion  D at mel -a i r   r a t io  
of 0.0165. Conibustion 
efficiency at condition D 
varied f rom 47 to 20 per- 
cent in fuel-air-ratio 
range from 0.017 t o  0.035. 
Ignition at 4.9 in. -Bg aba. 

Combustion efficiency a t  
condition C varled f r o m  80 
t l r 7 5  percent in fuel-air-  
r a t i o  range fKlsn 0.010 t o  

percent a t  0.014. Igni- 
t ion  at 4.9 in. Hg abs. 

0.028; -at' c~nditiOn D, 40 

~ ~~ 

V e r y  unsteady burning at 
condition C. No burning 
at condition D. 
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TABU II. - DESC-OW AND PERFORMANCE OF INDMDJAL CORFIGURATIONS - concluaed 

[As noted in the  text, the  major differences  in  performance of the 
various conflgurations occurred mstlv at  the low-pressure 

Configuration 

58 U 

86 U 

Description 

Total  hole area, 32.4 sq 
in.  Area of l/16-in.- 
diam. holes i n  primary 

Otherwise to 
region, 1.3 sq in. 

configuration 47. 

~~ ~ ~ 

Total hole area, 32.6 sq 
in. Eole area of 1/16- 
in.-diam. holes in pri- 
mary zone, 5.8 sq in. 

Total  hole area, 30.4 sq 
in. Hole area of vl6- 
in.-diam. holes i n  pri- 
mary zone, 1.1 sq in. 
Other  holes varied i n  
dim. fKrm 1/16 to 3/8 
in. 

Total  hole  area, $0.4 sq 
in. Hole sizes  ranged 
from 1/16 to 3/16-in.- 
diam. Dilution-aFr-Blot 
ma, 18.0 aq in. 

Total hole area, 28.4 sq in. similar t o  configur- 
ation 84 except for 
dilution-air-slot ares. of 
6.0 E q  in. 

17 

Performance 

Combustion efficiency 
et condition C varied 
from 80 t o  69 percent 

f r o m  0.010 to 0.018; at 
in fuel-air-ratio range 

condition D fmm 61 t o  
48 percent in range from 
0.016 t o  0.026. Rich 
blar-uut at  both  condi- 
tions. 
Cadmation  efficiency at 
condition C vmied from 
84 t o  60 percent in fuel- 
air - ra t io  range from 
0.014 t o  0.0261 at con=- 
t ion  D f r o m  54 t o  26 per- 
cent in range from 0.013 

Conbustion efficiency at  
condition C similar to 
that for  configuration 
58. W o u l d  not burn at 
condition D. 

to 0.023- Rich b l w - a t .  

Cqmbustion efficiency at  
condition c wried from 
86 to.  45  percent i n  fuel- 
air-ratio  range from 
0.014 t o  0.028. would 
not burn at condition D. 

Coaibustion efficiency at 
condition A varied from 
41 to  89 percent i n  fuel- 
&-ratio range f r o m  
0.008 t o  0.022. W o u l d  
not burn at condition C 
o r  D. 
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TABU 111. - OPERATIONAL DATA FOR TtIREB SBLECTED COMEUSMA COEYPIOURATIONS -a/ 
Air Combustor Static- Fuel Fuel Ilcu. reference DreeeUIg flm. atomizer 

canbustion 
efficiency, 
percent 

i n l e t  
atatic  tempera- 

in. Eg abs 

tempera- 

I 
Caaflrmratlon  75 

18 0 -0085 

.0145 

.om3 

-0209 
.om0 

.OPl 
-0065 
.0093 
. O B  
.0168 
.OlS8 
.0108 
.0175 
.02M 
.0250 

1415 
1300 

1655 
1850 
1995 

1185 
2090 

1600 
1540 

1965 
1795 

1490 
1725 
1900 
-0 

92.4 
92.3 
SO. 7 
90.3 
89 -0 
87.8 
94.9 
90.6 
92.5 
91.3 
89 .8 
98 .I 
83 .O 
81.8 
78.2 

0.66 
.69 
.77 
.84 
.89 

1.03 
.96 

19 
16 

34 

47 
41 

18 
1.10 

1.34 
1.24 

1.46 
.68 
.74 
.82 
.89 

16 
27 
43 
59 - 
" 

20 
27 

50.0 

85.9 
91.7 
90.3 
89 .o 
88.7 

88.5 
88.1 

92.2 
94.9 

89.9 
89.5 
88.0 
85.3 

83.3 
03.7 

m.4 
66.9 
55.3 
68.1 
63.6 
51 .O 
37 .z 
28.6 

O . 7  1.040 

1 
102.0 78r 3.0078 

.OlOZ 

.0144 

.Oleo 
-0220 
.0232 
.0066 
.0092 
.0133 
.0168 
.01w 
.02l9 
.0099 
.0124 
.0172 
.0210 
.0250 
.0278 
.0142 
.0202 
.0236 
-0297 
.a50 - 

1220 
1405 
1645 
1835 
1995 
2ux) 
1160 
1360 
1600 
1780 
1945 

l34a 
2045 

1725 
1880 
1860 
1765 
1420 
1620 
1560 
1485 
1405 

1470 

728 

i 
7 28 

.59 

.70 

.77 .83 

" 

17 
27 
59 
47 -88 

. .86 
.95 

1.10 
1.26 
1.38 
1 A 2  
.61 

.67 

.61 

. ~. 
1043 

1046 

15.0 

I 
5.0 

I 

63 .O 

81.9 
74.5 

19.1 
24.7 
34.2 
4l.8 

55.4 
49.8 

17.4 
24.7 
28.9 
56.3 
42.9 
87 
23.3 

39.3 - 
29.8 

55.2 

20: 2 
63.2 

24.7 
28.2 
35.3 
41.7 
50.7 
54.3 
19 .o 
23.5 

33 .O 
28.5 

37.6 

- 
- 

728 0.554 

1 
0.340 

I 
.72 
.77 
-70 
.37 
.4c 
-39 
.55 .27 

72e 

1 i 
98.2 

3.555  182.1 

flguratiol 
0.54 
.60 

.80 
-66 

-87 
.54 

.63 

.59 

.71 

.75 

.76 

.70 

.35 
-37 

.37 

.38 

.34 

8 6 . 6  
91.5 
89.5 
88.5 
88 .o 
86.2 
84.1 
a3.5 
80.1 - 

64.3 
78.4 

51.7 
52.9 
48.7 

32.3 
40.6 

22.9 -- 

12ul 
1241 
1242 
1251 
1252 
1253 
1254 
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wgure 3. 
ehwine 

- Bketchee of typical eqerimental cmbuetar oonfigc 
: Fnternal air-flow patterns. 
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F i g m  4 .  - of variation in cumulative airentry-hole area investwted a d  
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d (a)  Operating  condition A. Data f o r  8 configuratiom. TI 

(b) Operating  condition B. Data f o r  7 oonfigurationa. 

Figure 5. - Effect of air-entry-hole geometry an conbustion 
efficiency of rotational-flow  configurations  at  various  oper- 
a t ing  conditions. 
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(a) Operating c o d i t i o n D .  D a t a  fo r  2 configurations. 

Figure 5. - Concluded. Effect of air-entry-hole geometry on 
combustion efficiency of  rotational-flow configurations at 
varfous operating conditions. 
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(a) Operating oondition A. Data for 32 oonfiguratione. 

25 

Fuel-air   ra t io  

(b) Operating  condition B. D a t a  for 26 configurationa. 

Figure 6. - Effect of air-entry-hole geometry on combustion efficiency o f  
funneled-flow  configurations a t  various operating  conditione. 
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a ( 0 )  Operating condition C. Data for 31 configurations 
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(d) operating condition D. mta for 29 configurations. 
Figure 6. - Concluded. Effector air-entry-hole gametry on combustian efliaiency of funneled- 

flow configurations at various operating conditions. 
- 4  
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(b) Operating condition B. Data for 3 configuratione. 

Figure 7. - Effect of air-entry-hole geometry on conibustion 
efficiency of zigzag-flow configurations at various operat- 
ing conditions. 
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(c)  Operating  condition C.  Data for 2 configurations. 
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(a) Operating  condition D. Data fo r  2 configuratione. 
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Figure 7. - Concluded. Effect of air-entry-hole geometry on 
combustion effioiency of zigzag-flow configurations a t  
various operating cod i t ions .  
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(a) Operating condition A. Data for 8 configurations. 
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(b) Operating condition B. Data for 7 configurations. 
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(c) Operating condition C. Data far 7 configurations. 

Figure 8. - Effect of air-entry-hole geometry on combustion effi- 
ciency of segmented-flow  COnfiguratiOnS at variaus operating 
conditions. 
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( c )  operating oondition e .  

Fuel-air ra t io  

(a) Operating oomiition B. 

Figure 10. - Concluded.  Combmtion efficiency of three selected experimen- 
tal combustors and of current  production-qdel  turbojet combuetor a t  
various  operating  conditions. 
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(a) Vertical t raveme.  (b) Horizontal traverse. 

Figure 12. - Cambustar-outlet temperature profilea a t  station 3 and condition B 
for coafuguratlone 75 ana 79. (Average outlet temperatures are based on E 
average of 16 thermocouples not on center line of duct.) P 
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(c) canfiguration 87. 
Figure 15. - Static-pressme Lcaaee oP three selected cqeri- 
mental configurations. 
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(a) Funnaed-flow configuration. 

(b) Segmented-flow  configuration. 

Di~tance from duct  oenter  line,  in. 

(0) Zigzag-flow configuration. 

Figure 15. - Combustor-outlet gas- 
temperature  profiles at condition 
B for  funneled-,  segmented-,  and 
zigzag-flow  configurations. . 
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(b) Operatin@ aonditlon D. 

Figurtl 16. - Effect of variation in percent total air-entry-hole area d t h i n  4 -8  of plane of 
fuel etondzar t i p  on cwbuetion efficiency at two opemting conditions. 
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