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As part  of a general program t o  develop a turbojet combustor giving 
high combustion efficiencies  at  severe  operating  cmditions, 57 experi- 
mental tubular  designs embodying adjacent  fuel-rich and air-rich  regions 
and axial staging of the  fuel  introduction were investigated  at  simulated 
high-altitude  conditions. 

Axially  staged  fuel  introduction was effective in increasing com- 
bustion  efficiencies a t  high fuel-air  ratios end high air-flow rates.  

in jec t ing   a l l   the   fue l  in the f irst  fuel-injection  stage (i.e., the 
p i lo t ) ;  a t  high fuel-air rat ios ,  highest combustion efficiencies were ob- 

a location downstream from the  pi lot .  A t  a l l  combustor-inlet  pressures 
investigated, higher combustion efficienciee were obtained with the ex- 
perimental combustor than with a current-production-model  tubular com- 
bustor of the  same diameter. 

"' A t  low fuel-air  ratios, highest conitmetion efficiencies were obtafned  by 

f4 
* tttined  by  introducing  one-half of the  fuel in the p i lo t  and one-half a t  

A t  combustor-inlet  conditions  simulating 85 percent  rated  engine 
speed of a 5.2-pressure-ratio  reference engine a t  a Mach rider of 0.6 
and an al t i tude of 56,000 feet,  the  experimental  tubular co-nibustor oper- 
ated over  a  range of fuel-sir ratios from 0.0035 t o  0.029, w i t h  a maximum 
combustion efficiency of 94 percent and a maximum combustor-outlet tem- 
perature of 1925O F. The maximum outlet  temperature w a s  limited by the 
tes t   fac i l i ty   ra ther   than  by the combustor. Estimated a l t i t u d e  flight 
performance of the experimental combustor instal led in the reference en- 
gine  indicated  that,  at  rated engine  speed and a flight Msch nuniber of 
0.6, combustion efficiencies of 97 percent  or greater would be  obtained 
a t   a l t i tudes  up t o  59,000 f ee t  and of 90 percent  or  greater at a l t i tudes 
up t o  75,000 f ee t .  The i so thek l   t o t a l -p re s su re  loss of the combustor, 
which was somewhat greater  than that of the production-model reference 
combustor of the same diameter, m s  approximately 7 percent of the inlet 
t o t a l  pressure f o r  a reference  velocity of 100 f e e t  per second. mi- 
were within GOOo F of the mean ou t l e t  t o t a l  teqperature. No investi- 
gation was made of low-altitude  operation,  carbon-depositlon  character- 

I vidual. combustor-outlet total temperatures a t  most o p e r a t a  conditions 

c i s t ics ,  o r  durabili ty of the combustor liner. 
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INTRODUCTION 

A general  research program is currently in progress a t   t h e  NACA 
Lewis laboratory  to determine design c r i te r ia   for  improving the perform- 
ance of turbojet cordbustors. As a part  of t h i s  program, research was 
conducted t o  develop a tubular combustor capable of operating  efficiently 
a t  low inlet  pressures and a t  higher  air-flow  rates and fuel-air   ra t ios  
than current  production  conbustors. 

Turbojet combustors must operate  with a high combustion efficiency 
a t  the low combustor-inlet  pressures and temperatures  encountered in high 
altitude f l igh t .  Also, improvements in the performance of canpressore 
( r e f .  1) indicate  trends toward higher air flows  per unit f ronta l  area, 
and developments in turbine-cooling  techniques may allow  increased  turbine 
temperatures.  Increased compressor air-flaw rates require  efficient com- 
bustor  operation at high air velocit ies if the  combustor cross-sectional 
area is not   to  exceed the  area of other components.  With an increase in 
allowable  turbine  temperatures, it may  become desirable  to  operate  the 
combustor a t  higher mel-air ra t ios  in order t o  provide a larger temper- 
ature  r ise.   Past   research conducted a t   t h e  Lewis laboratory  with  frac- 
t ional  sectors of single-annulus combustors has  indicated design c r i t e r i a  
applicable  to  the improvement  of  combustor performance, par t icu lar ly   a t  
high-altitude  conditions. Reference 2 indicates  the  desirability of 
maintaining  alternate  fuel-rich and air-rich regions Fn the primary  zone. . 
Application of this design  principle  resulted in higher  altitude  operating 
limits, higher conibustion efficiencies,  and improved radFal temperature 
dis t r ibut ion  a t   the  combustor out le t .  It has also been  found (ref. 3) 
that axially  staged  introduction of l iquid fuel in the  primary zone of & 
one-quarter  sector of a single-annulus combustor resulted in increases in 
combustion efficiency over a wide range of fuel-air   ratios,   principally 
a t  a i r  flows greater than those  encountered in current combustors. 

I 

!The object of the  research  reported  herein was t o  develop a tubulss: 
couibustor  enibodying the above-mentioned design  princip-lesj namely, a l t e r -  
nate  fuel-rich and air-rich  regions and ax ia l   s t aghg  of the  Fntrobction 
of l iquid fuel in the  primary  zme. The combustor research was aimed 
toward (1) efficient  operation  over a wide range of fue l -a i r   ra t ios   a t  
low in le t  pressures, (2)  a b i l i t y   t o  handle  greater air flows than current 
combustors, (3) a law over-all combustor total-pressure loss, and (4) an 
acceptable  combustor-outlet  total-temperature  distribution. The b v e s -  
t igat ion waa conducted in a direct-connect  duct  with a 9.5-Fnch-diameter 
tubular combustor; l iquid MIL-F-5624A grade JP-4 fuel was used. The com- 
bustor was designed t o  operate with alternate, concentric  fuel-rich and 
air-rich  regions and w i t h  axial staging of fuel introduction h the  pri-  
m x y  zone. Operating  conditions  investigated  included low M e t  pres- 
sures  representative of high-altitude,  reduced-throttle flight, and atr 
flows Per Unit cross-sectional area that   are  (1) representative of CUT- 
rent ‘=Wine design  Practice and (2 )  30 percent above current  practice. 
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The performance  of 57 different  configurations was investigated, and 
performance data from selected  configurations  are  presented  herein t o  
i l l u s t r a t e   genee l  trends obtained w i t h  several  design  variables.  Per- 
formance data of the  best  configuratim  me  presented and compared with 
similar data obtained in a current-production-model tub- combustor and 
in two experimental annular combustors. 

Installation 

A diagram of the conibustor t e s t   f a c i l i t y  is shown in figure 1. 
Couibustor-inlet  and  cozlibustm-outlet  ducts were connected t o  the  labora- 
tory air supply and al t i tude exhaust facilft ies,   respectively.  Air-flow 
rates and couibustor pressures w e r e  r,egulated by remotely  controlled 
valves  located upstream adld downstream of the condustor.  Confbwtor-fnlet 
air ternperature was regulated by valves proportioning  the amount of air 
passing through a steam-fed heat exchanger. 

c Ins trumentat ion 

A i r  flows were metered  by a concentric-hole, shasp-edged A.S.M.E. 
P orifice  installed upstream of the  inlet-air  control  valves. Fuel flows 

t o  each stage of the combustor  were measured by separate,  calibrated 
rotameters. Total  pressures and temperatures were measured by  pressure 
probes  and  bare-wire  chromel-alumel  thermocouples at the instrument sta- 
t i o n s  iqaicated in figure 1 (station 1 at the combustor inlet and eta-- 
t ians  2 and 3 a t   t h e  conibustor out le t ) .  me number, type, and location 
of the  instruments a t  each plane  are  indicated in figure 2. The W e t  
thermocouples and a l l  the pressure probes were stationary. The seven 
outlet  thermocouple  probes a t   s t a t ion  3 were moved radially by means of 
a chain-driven mechanism that positioned all probes sbmltaneously at 
my of four  predetermined  positions  (fig.  2(c)); the positims  represent 
centers of four equal  areas. Details of construction of the  pressure 
probes  and  thermocouples are  presented in figure 3. The thermocouples 
were connected to a self-balancing,  direct-reading  potentiometer. The 
outlet  thermocouples were connected in a paral le l   c i rcui t   to   give an in- 
stantaneous  average-temperature  reading. The pressure  probes were  con- 
nected t o  absolute manometers. 

Combustor 

The investigation was conducted w i t h  a 
maximum cross-sectional area of 70.8 square 

- all length of the cambustor was 272 1 inches, 

tubular conibus t o r  having a 
Inches (9.5-in. dim) . Over- 
and the distance f’rom the 
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first-stage  fuel  injector t o  the plane of the outlet   themcarplee  (sta- 
t ion 3) was 3% inches. A t o t a l  of 57 experimental combustor configura- 13 .. 
t ions were tested during the  investigation. Some config&ations enibodied 
changes in combustor geometry o r  l iner  open area; other  canfiguratians, 
only changes in fuel nozzles. The combustor configurations  are  designa- 
ted  by numbers according t o  the order in which the i r  performance was in- 
vestigated. 

Diagrammatic sketches of the  experimental conibuskors are  presented 
in figures 4 and 5. The primary zone of each configuration waa composed 
of concentric  fuel-injection  stages  separated by annular openings  f o r  the 
admission of air. The first Azel-injection  stage  (hereinafter  referred 
t o  as the pilot)  consisted of a single hollow-cone, pressure-atomizing 
nozzle  concentrically  positioned at the upstream face of the f i rs t  tubu- 
lar section shown in f i g q e s  4 and 5. The other  fuel-injection  stages 
were a n n u l a r 3  each consisted of eight  equally spaced nozzles of the type 
used in the p i lo t .  The longitudinal axes of the nozzles in the  annular 
stages were t i l ted approximately 5' toward the  center  line of the com- 
bustor t o  minimize spray impingement on the combustor l iner .  The differ- 
ent  stages of the primary zone  were so constructed that the cambustor 
could  be  assendled w i t h  different  spacings between stages of fuel  lnjec- 
tion  as shown in figures 4 and 5. Secondary sleeves of different  length 
were necessary for m e  w i t h  the  various  possible primary-zone configura- 1. 

tims. Configurations 1 t o  23 inclusive  (fig. 4) contained  three  possible 
stages of fuel injection;  configurations 24 t o  57 inclusive  (fig.  5), 
only two stages. In addition,  the  diameter of the  pilot  was increased 
in the two-stage cd igura t i rms .  Data relatFve  to  the geometry and the 
fuel-nozzle  speci9ications of the  different  configurations  investigated 
are  presented in table E. 

.L 

In addition  to changes in the primary zone, .some changes were made 
Fn the  diameter of the secondary  eleeve t o  vary the  areas of primary and 
secondary annuli. As sham in figures 4 and 5, open area of primary 
annuli was considered to   be  the sum of the minimum annular flow areas be- 
tween fuel-injector  stages; open area of secondary annuli, the sum of khe 
minimum annular flow areas between the last fuel-FnJection  stage and the 
combustor housing. Sketches and descriptive  data for  four  configurations 
having the same open-area pattern in the  pilot   but  different  ratios of 
primary t o  t o t a l  annular area are presented in figure 6. 

A photograph of configuration 57, the best CmfTgUration investiga- 
ted, is presented in figure 7 together Kith a curve aharlng the  longi- 
tudinal  distribution of combustor open area. Dimensions of configuration 
57 are presented b figure ~ ( c ) .  mis configuration W ~ B  investigated . 
only in the assembly shown in figure 7; that is, the performance of this 
configuration was not  studied w i t h  R shortened  secondary  sleeve and an 
unshrouded p i l o t  (fig. 5(b)).  - 
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Ignition was init iated  within  the  pilots of all configurations by 
use of a standasd turboJet-conibustor spmk  plug  with  extended electrodes. 

Fuel 

The fue l  used in this  investigation w s  l iquid MIL-F-5624A grade 
Jp-4 fuel  supplied f r o m  the  laboratory  distribution system. Representa- 
t ive inspection  data  for  the fuel are  presented in table II. 

a, 

PROCEMTRF: 

Combustion-efficiency and combustor-total-pressure-loss data were 
recorded  with the various combustor configurations  for a range  of fuel-  
a i r   r a t i o s   a t   t h e  following combustor-inlet  conditions : 

Zondi- 
t o t a l  total   pressure,  tion 
Combustor-inlet  Combustor-inlet 

in. Hg abs temperaturea, 

I OE 

A 

B 

C 

D 

E 

I 15 

8 

'6 

15 

15 

I 

I 

! 250 

235 

220 
I 

I 260 

250 

2.78 

1.49 

.93 

2.14 

3.62 

S5mulated flight 
alt i tude in ref- 
erence  engine a t  
85 percent  rated 
englne  speed, 

ft 

56, OOO 

70, OOO 

80,000 

56,000 

56,000 

8 Canibustor-inlet  temperature of 268' F required t o  simulate f l i g h t  con- 
dit ions  l isted.  Temperatures listed were mean values  actually  used in 
this  investigation and represent  limitations of test f ac i l i t y .  

b a s e d  on maximum combustor cross-sectional area, (0.492 sq ft) . 
'Pressure of 5 in. Eg abs required t o   s i n d a t e  flight conditfon  listed 
for condition C. Pressure of 6 in. Hg abs was actually  used in most 
of this  investigation,  since it was minimum pressure  obtainable in t e s t  
fac i l i ty .  

These conditions  simulate  conibustor-inlet  conditions in a reference 5.2- 
pressure-ratio turbojet  engine  operating a t  85 percent  rated speed a t  a 
flight Mach nuuiber of 0.6. A i r - f l o w  ra tes  a t  conditions A, B, and C are 
representative of current  turbojet  engines. A i r - f l o w  ra tes  approxirmtely 

I )  

.. 
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23 percent  less, and 30 percent  greater  than  those used in current tur- 
boJet  engines  are  represented by c o n d i t i k  D and E, respectively. 

Limited data were obtained w i t h  each combustor configuration at me 
or more of the above conditions in order to  indicate  trends i n  combustor 
performance.  Data were obtained w i t h  the best configuration (57) a t  a l l  
conditions listed and w i t h  varying  degrees of axial   fuel  staging. 

Combustion efficiency, defined as the  percentage  ratio of actual to 
theoretical  increase in  enthalpy of gases flowing through the combustor, 
was computed by the method of reference 4.  Combustor-outlet t o t a l  tem- 
peratures,  used to   calculate  the enthalpy of gas at the combustor out le t ,  
were computed as the arithmetic mean of the temperatures  indicated a t  the 
28 out le t  thermocouple positions (fig. 2( c) ) . Thermocouple indicatians 
were not corrected f o r  velocity or radiation  effects.  

Combustor reference  velocities were computed from the  air-flow rate 
per  unit combustor cross-sectional area and the conibuetor-inlet air den- 
s i t y .  Cordbustor total-pressure  losses  are  expressed a0 the dimensionlees 
r a t io s  of (1) the conibustar otal-pressure loss aP to  the  reference- 
velocity  pressure 9. (= piVr/2 where Vr is the combustor reference 
velocity and pi is the i n l e t  air density) and (2)  the combustor to ta l -  
pressure loss aP t o  the combustor-inlet total   pressure Pi. 

3 

The rad ia l  temperature distribution at the combustor out le t  W ~ B  de- 
termjned at each test condition  investigated. The temperature at each 
radial   posit ion was determined 88 the average of the Indications of seven 
thermocouples.  Circumferential  temperature  distribution was checked by 
recording  individual thermocouple readings. 

RESULTS ANI) DISCUSSION 

A ser ies  of 57 combustor canfigurations was investigated in an ef for t  
to   obtain a high-performance combustor f o r  high-altitude turbojet-engine 
operation. Results obtained w i t h  a number of the  configurations,  selected 
to   bes t  illustrate the trends obtained,  are  discussed in the following 
paragraphs.  Experimental data for the configuratioas  discussed  are  pre- 
sented i n  table 111. The discussion FS divided  into  three major cate- 
gories : (1) the development of the  pi lot ,  ( 2 )  the development of the 
secondary-air  admission  sleeve, and (3) the development of the   f ina l  con- 
figuration. 

Development of P i lo t  

Preliminary  investFgations  indicated tha t  the first stage,  or p i l o t ,  
of the experimental combustor configuration had. a predominant influence 

3 
K) 
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on the over-al l  performance of the combustor. Therefore,  although it was 
desired that axial   staging of the  fuel  introduction be incorporated i n t o  
the combustor design, the first investigations were concerned onlywith 
the  effects of pilot   desi@ on performance. 

Effect of pilot  fuel-nozzle  capacity. - Figure 8 presents the 
effect of fuel-nozzle  capacity on combustion efficiencies of a p i lo t  hav- 
ing a representative  air-entry  design. A small nozzle  having  approxi- 
mtely  half   the  capacity of a larger  nozzle gave higher  efficiencies a t  
low fuel-air   ratios,   but  resulted in locally  over-rich  mixture  conditions 
and lower efficiencies at high fuel-air  ratios. S imi la r  effects  have 
been  observed in  reference 3. These resul ts  may be at t r ibuted t o  the 
finer  atomization  obtained with the smaller nozzle.  Since  the  pilot 
w o u l d  be  expected t o  operate  alone at lean mixture  canditians,  the  best 
pilot  nozzle for fuel-staging  operation would be the smallest  nozzle  cm- 
s i s ten t  w i t h  the  pilot  fuel-flow  requirements a t   r i c h  m i x t u r e s .  

Effect of p i l o t  shracldlng. - Operation of the C O m b u S t O r  -6 inves- 
tigated w i t h  the  fuel-injection  stage8 of the combustor in different po- 
s i t i ons   r e l a t ive   t o  each  other  (figs. 4 and 5). In  a collapsed primary- 
zone configuration (figs. 4(b),  5(a) ,  and (c ) ) ,   the  second stage sbrouds 
the upstream portion of' the   p i lo t .  In an extended  primary-zone cmfig- 
uration (f igs .   4(a) ,   (c) ,  and 5(b)), the unshrouded upstream portion of 
the p i lo t  w d d  be expected to receive a larger  percentage of the air 
flow. The results  obtained w i t h  a pilot   caafiguratian  operated  at  inlet 
conditions A, B, and C w i t h  the   pi lot  shrouded and unshrouded are  pre- 
sented in figwe 9.  Secondary sleeves of the same diameter and the s- 
number and s i ze   o f  openings  but 3 inches different in length were used 
with the two primary-zone configurations. The larger  quantity of air 
introduced into the unshrouded p i lo t  chamber (configuration 37) resulted 
in lower colzibustion efficiencies at lean fue l - a i r   r a t io  condition6, and 
higher combustion eff ic iencies   a t   r ich fuel-air ratio  conditions. These 
resul ts  m y  be at t r ibuted t o  fuel-air-mixbure  conditions in the p r i m y  
zone. A t  low fuel-air   ra t ios ,   the   larger  amount of a i r  admitted  by  the 
unshrauded pi lot   resul ted in 871 over-lean  primary zone; a t   r i c h  fue l - a i r  
ratios, the increased amount of a i r  resulted in improved f'uel-air m i x -  
tures.  

Effect of p i l o t - a e  admission. - Air  was admitted into the p i lo t  
e i ther  through small circular holes or  through a combination of small 
circular holes and longitudinal s lo t s .  With-each method of air admis- 
sion, the  size,  spacing, and number of openings were varied over a w i d e  
range t o  determine the optimum design. In all, 30 different   pi lot  cop- 
figurations were investigated, 15 enibodying small circular  holes and 15 
embodying a couibinatim of small circular  holes and longitudinal s lo t s  
for air admission.  Figure 1O.shows the longitudinal open-area distribu- 
t ion of s m d l  circular  holes aad longitudinal  Slots in five  representa- 
t i ve  COnfi@;urationS; conibustion efficfencies for these  configurations 
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are presented in figure ll. Increases in p i l o t  open area of these con- 
figurations resulted in increased efficiencies a t  r i ch  fuel-air ra t ios .  - 
The same general trends fn conibustion e-iciencies were found w i t h  p i lo t s  
enibodying m y  small circular  holes for air admiss ion. These trends may 
be  attr ibuted  to  greater  penetration and mixing of air with fuel  with 
increases in p i l o t  open area. 

Effect of method of p i lo t -a i r  admission. - The longitudinal distri- 
butions of open area of two pi lo ts ,  one having small circular  holes for 
a i r  admission  and the other, a combination of mmll circular  holes and 
longitudinal  slots, are s h m  in figure 12. The t o t a l  open area a t  any 
1ongitudFnal  position was approximately the same f o r  each p l lo t .  Cambus- 
t ion  eff ic iencies  for the two configurations  are  presented in figure 13. 
The p i l o t  having a conibination of small circular  holes and longitudinal 
s l o t s   f o r  air admission  operated more e f f ic ien t ly  over most of the range 
of fuel-air   ratios  than  did the p i l o t  having small circular  holes  alone. 
The lower combustion efficiencies of the slotted  configuration at  lean 
fue l -a i r   ra t ios  may be due to  greater  penetration of a i r  jets into  the 
p i l o t  zone with longitudinal  Slots; this w o u l d  create an over-lean p i l o t  
zone. Longitudinal  distribution of open area of the bes t   p i lo t  configu- 
rations embodying each method  of air admission are presented in figure 
14. Combustion efficiencies for the two configurations are presented in 
figure 15. Even w i t h  optimized p i l o t  open areas, the configuration hav- 
ing a confbination of small circular holes and longitudinal  slots  for air 
admission  operated more e f f ic ien t ly  than did the  configuration having 
small circular  holes  alone. 

Effect of pilot diameter. - Curves showing the  longitudinal distri- 
bution of open area of several  pilots  varying  both in  length and diameter 
are presented in figure 16. Conibustion efficiencies of the various pi-  
lots,  operated a t  inlet  conditions B and c, are  presented in figure 1 7 .  
Combustion efficiencies  obiained w i t h  the various pilot  configurations 
increased w i t h  increases in p i l o t  diameter. This trend was noted with 
p i lo t s  of both the same and different lengths. Although air-distribution 
factors were present in the comparisons, the data obtained  indicated that 
high combustion efficiencies were mare easily  obtained w i t h  Larger p i lo t s .  
Other  investigators have found similar trend6 in combustion efficiencies;  
f o r  example, references 5 and 6 indicate increased combustion efficiencies 
wlth conibustors of increasing  hydraulic radii. 

Variations in the diameter of pi lots  resulted in changes in the  size 
of the  open flow asnull  around the pi lo ts  and accompanying changes in the 
r a t io s  of primary t o  t o t a l  open annular area. As a result of these 
changes, a variation in the.air-fluw distribution between the primary and 
secondary  zones of the combustor m i g h t  occur. The two larger   pi lots  (con- 
figurations 30 and 32) of figure 1 7  differed mainly in diameter;  they had 
approximately  the same type and spacing of openings and t o t a l  open area 
for   p i lo t -a i r   ah iss fon .  T.tie combustion efficiencies of configuration 32, 

3 
M 
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which had a  diameter of e inches and a r a t io  of primary t o  t o t a l  open 

annular area of 0.171, were higher than those of configuration 30, which 
had a  diameter of % inches and an area ra t io  of 0.333. The higher effi- 
ciencies  obtained  with  configuration 32 are  probably due to  increases  in 
the combustion volume as well as decreases i n  open annular  area  ratio. 
The open area r a t i o  of configuration 32 is  typical of many current produc- 
t ion  combustors, which have approximately 20 percent of the t o t a l  open 
mea   i n  the upstream half, or the  primary zone, of the combustor l iner.  

16 

1 

Development of Secondary-Air Admission Sleeve 

The secondary zone of a combwtor serves,  by mixing the products of 
combustion w i t h  additional air, to   coal   the  exhaust-gas m i x t u r e  t o  a tem- 
perature  suitable for entry  into  the  turbine.  Since a large  portion of 
air must be added in th i s  zone, pressure loss is an important  consider- 
ation. Modifications t o  the secondaq zone may affect  not  only combustor 
total-pressure losses and outlet  temperature  distribution  but  also the 
proportioning of the   a i r  t o  the primary zone and thus  the combustion effi- 
ciency. The effect  of modifications  to the secandaxy zone were studied 
with a nuniber of configurations. 

Effect of secondary-sleeve fiameter. - The effect  of second%xy-sleeve 
diameter on the performance of a p i lo t  is shown In figure 18. Two sec- 

1 
ondary sleeves , one 8z inches in diameter ( f ig .  5(a) 1 and me % inches 
in diameter ( f ig .   5 (c) ) ,  were i n s t e e d  ~n the c-stor during operatLon 
of the same p i lo t .  Number , size, shape , and spacing of openings were the 
same in each  sleeve. Performace of the pilot  operated w i t h  the %inch- 
diameter sleeve was generally  superior  to that of the p i lo t  operated w i t h  

1 

1 

the +inch-diameter  sleeve. However, over-all  isothermal AP/s, of the 

conibustor was approximately 27.5 w i t h  the 8$-inch-diameter sleeve  cm- 
pared t o  17.5 w i t h  the  sleeve of smaller  diameter.  Superior performance 

of the p i l o t  w i t h  the BZ-inch-diameter  secondary sleeve may be attribu- 

table t o  a larger combustion volume as mentioned previously in the  section 
describing  the  effect of pi lot  diameter on p i lo t  performance. Also, the 
superior performance may be due to  differences Fn the ratios of primary 
t o  t o t a l  open annular  area. The s l ight ly  lower open-area r a t io  with the 
+inch-diameter  sleeve  could  account f o r  the superior performance of 
this configuration at lean  fuel-air ratios, since  less air probably would 
be entering  the  pilot. 

1 

1 
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Effect of secondary-air-entry design. A limited number of tests 
were conducted to  investigate the effect  of secondary-air-entry  design 
on the performance of the experimental combustor configurations. A com- 
parison of the performance of the combustor w i t h  a s ingle   pi lot  and three 
duferent  %inch-diameter  secondary sleeves is  presented in figure 19. 

One configuration (54) embodied the secondary  sleeve  used  with the  best  
configuration;  the  others differed in air-entry  design asd had t o t a l  open 
areas  approximately 25 percent  greater. Decreases in  performance of the a 
p i lo t  a t  rich  fuel-air   ratio  conditions w i t h  the secondary sleeves having 8 
larger open areas may hsve  been the resu l t  -of a redistribution of a i r  
flow which created an over-rich  primary zone. Performance was impaired 
most by increases in secondary-sleeve open area  near the p i lo t .  Lower 
performance w i t h  the best sleeve  (configuration 54) at  lean fuel-air  
r a t io s  may be due t o  greater penetration and mixing of air Jets  entering 
near the p i lo t  through four  large  slots. A i r  entered near the p i lo t  
through 1 2  small s lo ts  in configuration 55 and through 8 large  slot8 in 
configuration 56. 

1 

to 

1 

Combustor-outlet t o t a l  temperatures were higher and lower a t  the 
center and wall, respectively,  during  operation  with  the secondary sleeve 
having the greatest ogen area near the downstream  end (configuration 55). 
L i t t l e  change in outlet-temperature  distribution was observed with the 
greatest open area  near the pilot  (configuration 56). - 

. 

Development of Final  Configuration 

me final configuration (57), m i c h  produced be t te r  performance than 
8ny other  configur8tion, enibodied a pi lot   havhg small circular  holes and 
longitudinal  slots for  air aamission. Higher combustion efficiencies 
were attained with such pilots  than w i t h  other models over a wide range 
of fuel-air   ra t ios .  A fue l  nozzle  rated a t  10.5 gallons per hour with a 
spray cone angle o f  60° at a pressure Uferential of' 100 pounds per 
square inch was selected  for we in the   p i lo t .  The combustion efficien- 
cies attained with pi lot8 w i n g  nozzles of this capacity were superior 
a t   l ean   fue l -a i r   ra t los   to   those  attain& with nozzles of larger capac- 
i t i e s .  The capacity of the  10.5-gallon-per-hm  nozzle was consistent 
w i t h  the fuel-flow requirentents fo r  Fuel stagfng a t  r ich  fuel-air   ra t ios .  

The two-stage  design  of the combustor was chosen in an e f f o r t   t o  ob- 
tain a8 large & p i lo t  as possible. A general  trend toward increasing 
combustion efficiencies had been noted with Fncreasee i n   p i l o t  diameter. 
Satisfactory  distribution of fue l  from the second stage a t  the low-nozzle- 
pressure  differentials  associated  with small flows necessitated the use 
of  nozzles rated a t  2.5 gallons per hour with a spray cone angle of 30°. 

" 

A lower over-all conibustor-total-pressure loss was the  cri terion for - 
selection of the  6"ch-diameter  secondary  sleeve;  superior performance 1 

4 
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of the combustor and acceptable  c&ustor-outlet  temperature  distribution 
over most of the range of fuel-air   ra t ios  governed the  selection of the 
air-admission  pattern in the secondary sleeve. 

Performance of Best Configuration 

Effect of fue l  staging. - Cordbustion efficiencies of the  best con- 
figuration  (57)  with  vaxiaus  degrees of fuel  staging  are  presented in 
f i b e  20 f& f ive  combustor-inlet  conditions.  Axial  fuel  stagfng im- 
proved the performance of the combustor at  medium ssd  r lch  fuel-air   ra-  
t i o s .  Highest combustion eff ic iencies   a t  lean fuel-air ratios were ob- 
tained w i t h  all the  fuel  injected in the   p i lo t .  A t  very  rich  fuel-air 
ratios,  highest  efficiencies were obtained  with  approxlmstely 50 percent 
of the t o t a l  fuel flow through  the  pilot. Fuel staging  with 25 percent 
of the t o t a l  fue l  flaw injected in the   p i lo t  was infer lor   to   other  modes 
of operation;  operation was not possible  with  the second stage  alone. 
The fuel-air   ra t io  at which staging became desirable  increased with (1) 
decreasing  combustor-inlet  presaurea at the same combustor reference 
velocity  (figs . 20(a) and (b) ) and (2)  decreasing air flows at the same 
inlet  pressure  (figs.  20(a), (a), and ( e ) ) .  The data show tha t  fuel 
staging is  m o r e  effective  at  higher  air-flow  rates; similar resul ts  were 
found in the  investigations of reference 3. 

The results  indicate  that   the  fuel-air  mixtures result ing from in- 
troduction of all the   fuel  in the   p i lo t  became over-rich  with  increasing 
fuel-air rat ios  and caused  lower combustion efficiencies.  Increased fuel 
staging w i t h  increasing fuel-air ratios  al leviated  this  condition by in- 
troducing  larger  percentages of the fuel far ther  downstream. Introduc- 
t ion of too large a percentage of f u e l  in the second stage also caused a 
reduction in combustion efficiencies;   this result may be  attributed t o  
(1) lean  fuel-air  mixture  conditions in the p€lot zone, ( 2 )  over-rich 
mixtures in the  combustion zone of the second stage,  or (3) too low 8. 

residence time f o r  the fuel injected in the second stage. 

Range of conibustor operation. - Desired conibustor performance char- 
acteristics  included  operation over a wide range of fuel-air   ra t ios  and 
combustor-outlet  temperatures. A t  inlet condition A (corresponding t o  
operation of a 5.2-pressure-ratio  reference engine at 85 percent  rated 
speed, an al t i tude of 56,000 feet ,  and a f l i g h t  Mach  number of 0.6>,  the 
best  configuration (57) operated  over a range of fuel-air   ratios from 
0.0035 t o  0.029 with  a maximum couibustion efficiency of 94 percent  and  a 
maximum conibustor-outlet  temperature of 1925O F (fig.  20(a)). Data at  
higher  values of fue l -a i r   ra t io  were not  obtainable a t  condition A be- 
cause of exhaust-system limitations. A t  a fuel-air  r a t i o  of 0.037, a 
couibustion efficiency of 83.5 percent was  obtained a t   t h e  air flow and 
inlet temperature of condition A and a slightly  higher  inlet  pressure of 
16 inches mercury absolute. The corresponding outlet  t o t a l  temperature 
was 2200° F, a temperature rise of approximately 1950°. 
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Comparison  of performance w i t h  other coxibustors. - Conibustion eff i- 
ciencies of the best configuration (57) are  presented  for cordbustor tem- 
perature rises of 680° and U 8 O o  F i n  figure 2 1  as  a function of the 
reciprocal of the conibustion parameter PiTF/Vr which i s  given i n   r e f -  
erence 7. V r  represents a conibustor reference  velocity  based on maximum 
open cross-sectional area of the conibizstor and density of combustor-inlet 
air, and P i  and T i  are  conibustor-inlet pressure and temperature,  re- 
spectively. The curve shown for  configuration 57 represents  the best 
over-all degree of fuel staging, 75 percent of the   to ta l   fue l   in jec ted  
i n  the p i lo t .  For comparison, the conibustion efficiencies of a refer- 
ence current  production tubular conibustor  of the s- diameter (ref.  8) 
and two expertmental  annular combustors (refs. 5 and 9) are also in- 
cluded. The tdulm- and annular  co&ustors are compared on the basis 
of the same mass flows of afr per  unit  engine  frontal  area. Because of 
the unused space between tribular conbustors,  the  reference  velocity  in 
the tubular conibustor  would be  approximately 1.3 t h e s  the  reference 
velocity  in  the annwlar colnbustors f o r  the same flight conditions. Ac- 
cordingly, the actual  values of  Vr/PiTF for the tubular combustors in 
figure 2 1  have been  reduced  by 8 factor  of 1.3. Teraperature-rise  values 
of 680° and l l 8 O o  F correspond t o  engine  requirements fo r  85 percent 
rated speed and rated speed.  operation,  respectively, of a current produc- 
t ion  turbojet  engine at a flight Mach rimer of 0.6 i n  the stratosphere. 

A t  both values of temperature r i se ,  the experimental  tubular combus- 
to r  gave higher combustion efficiencies  than did the reference  tubular 
combustor of the same diameter. It should be  noted, however, that the 
reference  tubular combustor m a  designed on the basis of many factors  not 
considered i n  the  present  investigation,  for example, low al t i tude opera- 
t ion,   start ing,   l iner  durabili ty,  and carbon-deposition  characteristics. 

A t  a temperature rise of 680' F, the experimental  tubular cozibustor 
gave lower efficiencies  than the annular combustors of references 5 and 
9 in which l iquid Rzel and propane, respectively, were used. A t  a tem- 
perature rise of ll8C6' F, the experimentaL tubular conibustor  gave higher 
combustion efficiencies  than the liquid-fueled annular combustor a t  values 
of Vr/PITi greater than 16OXLOm6. 

Estimated flip;ht performance. - Estimated a l t i tude  flight performance 
of the experimental  tubulaz  conbustor in a 5.2-pressure-ratio  reference 
engine at a flight Mach  number of 0.6 -ie presented in figure 22 in terms 
of maximum combustion efficiencies attainable a t  various engine  speeds 
and al t i tudes.  Data for  the  constant  efficiency  curves were obtained by 
the method of reference 10. This method requires a knowledge of the sea- 
level,   static  operating  characterist ics of the  reference  engine. The 
s q w e  data points on figure 22 denote act- experimental data where 

ca 

8 

I, 
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t e s t  conditions  accurately  simulated flight operation at the  conditions 
indicated. Agreement of the  canbustion  efficiencies of these experimental 
data  points w i t h  the  calculated  curves is good. me curves of figure 22 
indicate that the experimental tubuLar codmstor could operate a t  rated 
engine  speed w i t h  cmibusticm efficiencies of 97 percent OF greater up t o  
an al t i tude of 59,000 feet   or  90 percent  or  greater up to 75,000 fee t .  

Combustor total-pressure  losses. - Conibustor total-press e losses 
are presented in figure 23 in terms of AP/s and aP/Pi; t h ~  T d&tL are - 
plotted against  the r a t i o  of combustor inlet t o  out le t  gas density. The 
faired curves of f w e  23(a) were  determined by the method of leas t  mean 
squares.  Isothermal AF/a, of the experimental combustor was approx3- 
mately 17. Increased  fuel flow in the second stage resulted in s l igh t  
decreases in AP/qr. h e r  pressure losses with increases  in  second-stage 
fue l  flow may be due t o  decreased mix- of conibustion products in  the 
secondary zone and,  hence, a lowering of mixing pressure loss. This sup- 
position is supported  by  increasing uneven distributions of cadibustor- 
ou t le t   to ta l  temperature w i t h  increases in second-stage fue l  flow. Com- 
bustor  total-pressure-loss  ratio AP/PI varied from 0.07 at  isothermal 
cmdLtions t o  0.10 at a r a t i o  of couibustor i n l e t  t o  out le t  gas density 
of 3.2 f o r  a reference  velocity of approximately 100 feet per second. 

Conibustor-.outlet total-tenperature  distribution. - Cardbustor-outlet 
total-temperature  distributions  that are representative of data obtained 
with the best configuration (57) are presented in figure 24. a l l  
cases Fn which 50  percent or  greater of the total f u e l  was injected in 
the pilot,  individual  combustor-cutlet t o t a l  temperatures were w i t h b  
+ZOO0 F of the mean temperatire. The distribution of codnstor-outlet 
t o t a l  temperature became mre uneven as k g e r  percentages of fuel w e r e  
injected in the second stage. 

An investigation w a s  conducted t o  develop a high-performance tubular 
turbojet conibustor enibodying previously evolved principles of alternate 
fuel-rich and air-rich  regions and axial f u e l  stag- in the primary (30213- 

bust ion zone. The des ired  operating  characteristics included efficient 
operation over ra wide range .of conibustor temperature rfse a t  low 
c d u s t o r - i n l e t  pressures and high air-flow  rates, low over-all combustor 
total-pressure Ioss, and an acceptable  conibustor-outlet  temperature  dis- 
tribution. The performance obtained w i t h  the  best of 57 configurations 
investigated is described below; simulated flight performance references 
are  for  the experimental  tubular conibustor instal led in a 5.2-pressure- 
r a t io  engine a t  a flight Mach nuniber of 0.6. 
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1. Axially  staged  fuel  introduction was generally more effective Fn 
increasing combustion efficiencies at high fuel-air   ratios and high air- . 
flow rates .  Highest combustion efficienctes were obtained w i t h  the ex- 
perimental  configuration  operating w i t h  100 percent and 50 percent of the 
total fue l  ingected ia the p i l o t   a t  lean and at rich fuel-air ra t ios ,  
respectively. For a fixed  proportion of fuel injected  into  the  pilot, 
the  best  over-all performance was obtained with 75 percent of the  fuel 
being  injected i n  the   p i la t  and 25 percent in   the  second stage. 

2 .  A t  the  low-inlet-pressure  conditians  investigated,  higher conibus- 3 t ion  efficiencies were obtained w i t h  the  experimental combustor than with pr) 

a current  production  tubular combustor of the same diameter. 

3. At combustor-inlet  conditione  simulsting 85 percent  rated engine 
speed at an al t i tude of 56,000 feet,  the  experimental combustor operated 
over a range of fuel-air  ratios from 0.0035 t o  0.023. Maximum cwibustion 
efficiency was 94 percent and maxim combustor outlet  temperature was 
1925O F; th i s  temperature maximum was determined  by capacity of the t e s t  
f a c i l i t y  and not by the combustor. 

4. Estimated  altitude  flight performance of the  experimental  tubular 
couibustor installed in the  reference engine a t   r a t ed  engine  speed indi- 
cated  a cbnibustion efficiency of 97 percent or greater at alt5.tudes I.Q 
t o  59,000 f ee t  asd 90 percent o r  greater up t o  75,000 feet .  

. 

5. Isothermal  combustor-total-pressure loss  of the  experimental com- 
bustor was approximately 17 times the  reference  velocity  pressure. The 
r a t io  of combustor total-pressure loss t o  combustor-inlet total   pressure 
varied from 0.07 a t  isothermal  conditions t o  0.10 a t  a r a t io  of conbustor 
inlet  t o  uutlet gae density of 3.2  a t  a reference  velocity of approxi- 
mately 100 feet  per second. 

6. Individual  combustor-outlet t o t a l  temperatures a t  most operating 
conditions were within +200° F of the mean temperature. 

7.  Low-altitude  performance of the combustor m s  not  investigated; 
therefore ,   l i t t l e  is known regarding i ts  durability o r  carbon deposition 
characteristics. 

L e w i s  Flight  Propulsion  Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, January 8, l954 
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Fuel properties 

A.S.T.M. d i s t i l l a t i on  D86-46, % 
lnitial boiling  point 
Percentage  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Final boiling  point 
Re6 idue , percent 
Loss, percent 

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

Specif ic   pavi ty  
i T i S C O S i t Y ,  centistokes a t  looo F 
Reid vapor pressure, Ib/sq in. 
Eydrogen-cazbon r a t i o  
Net heat of conibustion, B t u / l b  

MIL-F-5624A  (JP-4) 
(NACA f u e l  52-53) 

136 

183 
200 
225 
244 
263 
278 
301 
321 
347 
400 

49 8 
1.2 
0.7 

8.5 
10.7 

0.757 
0.762 
2.9 

0.170 
18,700 
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a 8.0 z%d .m 
.m 
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TABLE 111. - Continued. EXPERIMENTAL RESULTS 3 
PC) 

~ 

8.l  
s.0 
s.0 
6 3  
16.0 

pJ 16.0 

(-0 
..O 
s.1 

L o 7  M.0 

I I I I I 

I I I I 

J 

m.2 
U P . 0  

""t. 
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TABLE 111. - Continued. EXPERIMENT& RESULTS 

153 8.0 24a 
U I  1.0 %n 
1 s  1.0 5 6  
137 0.0 m7 
Ed 1.0 
1 s  8.0 

141 8.0 SBI 
14Q 9 . 1  290 

a.0 ?g) 

140 6.0 B 
1 143 9.0 pa 

144 8.0 pu " n 0 . S  1w 
.u m7.r 100 

". 

1.0 
1.0 .m 
l .0  
l .0  

I 

1 

i 
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TABLE 111. - Continued. EXPERIMENTAL RESULTS 
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TABLE 111. - Continued. EXPERIMENTAL RESULTS 

l6.0 m.0 

l6.0 

rn m.0 
a 4  m.0 

2M "1 
znl m.0 aea l6.0 
289 11.0 

281 l5.0 

a1 15.3 
w4 lB.2 

a a  u.0 

a= m.0 

Zdo 15.1 

a a  u.0 

UO' l6.a 
=a 1s.1 
511 16.0 

SI) m.0 
514 m.0 
515 11.0 
519 l6.0 
517 m.0 
$ l a  l6.0 

3 P  lS.1 sm 18.1 
3p2 lB.0 

3% u . 1  
S 5  MA 

sa 15.6 
J z a  u . 4  

627 l5.8 
JM 15.1 
32s 11.2 

a18 u.0 

€-la lS.0 
asl 15.0 ssa u.0 
3- 8.0 
3% 8.0 
sss 1.0 
Y 8  I.O 
s31 8.0 
sso  8.0 sa 0.0 

169 0.0 
151 8.0 

8.a 
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1 . s  16p.s 
1.Q 1R.O 

1.u 1Y.1 

1.n l s l . 8  

- lU.1 

1.2s 19D.l 
1 .Y 1M.7 
1 .m lQ.1 
1.34 1Sa.6 
1.s =.e 
1 . s  m.0 - wp.1 - lz1.4 
" 121.1 - Isa.1 
1-48 p2.0 
1.45 1 9 . 0  
1.25 l Y . 1  

1.a r a . 5  
- 1S.D 

1 . a  IS.. 
1 3  r a . 8  

- 1JI.P - ISP.* 1" la7 . t  - 1P.I 
1.u 111.. 
1.59 m.l - m.1 
" 

- 1 s . s  

1.- u 1 . 5  

- w . 0  

- 1 Y . P  
1.4s 151.1 
" 1 n . c  
1" 1Q.1 

- =.r 1.41 l a . 8  - * y . I  
1.40 128.4 
-, m.1 

1.n u a . 6  

1.11 1 n . n  

L A  m . 1  

- U4.5 --- 1 U . I  
- Itp.0 - l lT.1 - 1Ip.1 
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TABLE 111. - Concluded. EXPERIMENTAL FUSSULTS 

I I I I I I I 

- 3a.s -I 
- 274.. 

3 7  n s . 5  

- p79-I 
- 27r.s 

.Y m . 1  m.m 
1m .m 
1w.m 
lm-m 

7s.m 

1s.m 
7s.- 

74.84 
7s.m 

74.84 
74A4 

74.14 
4¶.79 
49.79 
60.10 

WO.LO 
50.10 
26.33 

B.17 

loom IW.00 

m.m 

1m.m 

lmm 
m.m 
1m .m 
1w.m 

1m.m 
loom 
lm.m 
l0.W 

74.71 
74-64 
74.Q n.m 
74.90 m.m 
4s.m 
74.11 

4..7s 

so" 50.m 
49.n 

80.12 
41.m 

4y.n  

m a  

m.91 
m.so 
%I8 
25.17 
=.I7 

100.41 

25.a 
5- 

1w.m 
100 .m 
lm .m 

1oD.W 

imm 
m.m 

1oD.m 
1w.m 
1m.w 
1w.m 
lmm 
72.62 
7 4 . u  
74.71 
m a 4  
8.10 

S O L O  
41.7. 

6o.m 
40.- 

5O.u 
21.1s 
za .OL 
5 . 1 7  

m a  

- 2m.I - ns.s 
- 0R.l 
2d n 4 . .  

- 2lS.5 
.sa m . s  

.u a74.0 - 27b.s - e75.5 
-41 276.5 

-14 XOlJ 
.?4 I0l.S - m . 7  

-77 L0l.l 
-7s 1m.o 

.m 100.7 .n m.1 

.m 1a.e 
- m.2 

.m lm-8 
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(a) Movable outlet thermocouple. 

F=”ii 4.63 
(e) Inlet total-pressure bar. 

Figure 3. - Concluded. Details of combustor instrumentation. (Dimensions w e  in Inches.) 
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Figure 4. - Diagrammetic sketches of exprimental combustom employing three poeeible 
stages af fuel injection. Ccmfigurations 1 to 23. ( D i m e n e i o n s  are in inches.) 
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Figure 5. - M a L m q t i o  eketohes of erperimental cmbuetore employing two possible 
etagea of fuel injeotion.  Configuratione 24-57. (Dimensions are in Inchee.) 
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Figure 6 .  - Diagrammatic sketches of four seoondary-sleeve - pilot  aombinatiane. Pilot 
open-area pattern aame in each conflgurstion, 
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(a) Condition A. 

Y Y  

(b) Condition B. 

.014 .022 .a50 
Fuel-air r a t i o  

( c )  Condition C. 

Figure 9 .  - Effect of pilot shroudfng on combustion efficiencies of one pi lot -a ir  
admission design. 
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CK-5 back 3048 

I 
Pilot length, In. 

Figure 10. - Pilot open-area dLstxibutlon of f ive  conflguratlona wing amall 
circular hole6 and longitudinal. slots for eAr admiesion. 
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(a) Condition A. 

(b) Condition B. 

(c) Condition c. 
Figure 11. - Effect of pilot-air  distribution on combustion  efficiencies of five con- 

figurations  having small circular holes and longitudinal  elots f o r  air admisrrion. 
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(a) Condition A .  

(b) Coudition B. 



I 

32 

-. . . .  

CK-6 3048 ,, ' ' ' "' ' - '" ' I 

I 
0 1 2 3 4 5 6 

P i l o t  lengbh, In. 

Flgure 16. - pllot  open-arsa d.latributl.cn for several pilots of w r i o w  
dlmetere and lengtihe. 
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80 
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eo 
(a) Condition A. 

(b) Condition B. 
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( 0 )  condition c. 

Figure 18. - W e a t  of meaoblary-eleeve diameter on oombuatian efficienoise of a 
mingle pilot. 
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Fuel-aFr r a t i o  

(b) Condition B, . .  

Figure 19. - Effect of changes in  secondary-sleeve  air-entry  design on combustion 
effiaienoies of same pi lo t .  
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(a) Inlet condition A. (Reference combustor data from ref. 8) 

Figure 20. - Combuetion efficiencies of beet configuration (57). 
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(a )  Inlet condition D. (Reference  combustor data from ref. 8). 

Figure 20. - Continued. Combustion efFlciencies of beat conflguration (57) ,  
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Figure 20. - Concluded. Cambuetion efficienciee of beet configuration (57). 9. 
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Figure 22. - Estimated a l t i t ude   f l i gh t  performance 
of beat configuration (57) in 5.2-presaure-ratio 
engine at flight Mach number of 0.6. 
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Figure 23. - Preeeure loasee of beat configuration ( 5 7 ) .  
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Ratio of combustor  inlet to outlet gas density 

(b) A5 function of combuetor-inlet total preaeure. 

Figure 23. - Concluaea. Pressure loseee of best  configuration (57). 



.. . . . .  . .  . . * 
3048 

. . . . . . . . .  . 

-P 

% 
2 

-9 
Id 

b 
0 9 

/C’f 

,/*I 

lo00 s n 
# e  - 

r Instrument D 

e- 

G 
u oenter line 0 

_. section 

800 
3 2 1 0 1 2 3 

Wall Diatance from center line of instrument section, in. Wall 

Figure 24. - Representative combustor-outlet total-temperature dlstributione 
of best conflguration (57). 

I 



.. .. . 

_” ”” 

i 

c 

t 
I 

I 
t 


