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PWFaRMANCE OF A PAIR OF "R COMBUSTCBS WITH 

By Robert  Friedman and Eugene V. Zettle 

The  performance of a pair of tubular  turbojet  cmbustors  intercon- 
nected  by a 3-inch-inside-diameter  ceramic-lined  pilot  chamber  at  the 
crossover  tube  position was investigated  to  determine  the  utility of the 

lean m t s ,  and minFrmnn engine  speed. The pilot  chamber was supplied 
with air from the  combizstor-inlet  section  and  with  sufficient fuel to 

. pilot  chamber  for  improvement  of  high-altitude  combustion  efficiency, 

W marlntain  stoichiometric fuel-- ratios in the  pilot  chamber. 

At  pressures  above 7.3 pounds per sqpare inch  absolute, tbe,cm- 
bustion  efficiency of the cmbustors was not  improved  by  the  use of the 
pilot chamber except near the  lean  blow-out  limit;  at lower pressures, 
the  combustion  efficiency was slightly  Fmproved  by  the pilot chamber  at 
a l l  fuel-air  ratios  investigated.  At windmilling conditions,  the  ig- 
nition  Limits of the  combustors  were  increased  several  thousand  feet by 
using the  pilot  chamber  rather  than a low-energy spark as  an  ignition 
source.  The  pilot  chamber  extended  the  lean  limits of the  combustors, 
permitting  lower minimum engine  rotational  speeds below 45,000 feet 
altitude.  Above  that  altitude  the  pilot  chamber w-as ineffective,  because 
combustion  blow-out  occurred  at  higher  pressures in the  pilot  than in 
the  main  cambustors. 

The results  of  the  investigation  leave some doubt as to  whether  the 
pilot  chamber offers sufficient performance Fmprovenents  to  justify  the 
additional  weight.and  complication of its  installation on turbojet  engines. 

. External  ceramic-lined  pilot  chambers  for  turbojet  engines  have  been 
. proposed as a means of Fnrproving altitude  ignition  and  operating  charac- 

teristics. A 3-inch-diameter  ceramfc-lined  pilot chamber designed to 
fire  directly  into  two Wacent tubular  combustion  chambers  through 
ceramic-lined  cross-over  tubes wa8 developed at  the  Battelle Memorial 
Institute (refs. 1 and 2) . Stoichimetric  fuel-air ratios were .inde- 
pendently maintained in the p i l o t  even at very low over-all combustor 

- 
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fuel-air ratios.  Niewoehner  and H a z e d  ( ref .  2) conducted an  extensive L 

investigation of the effect  of such a pflot on the performnce of two 
547 combustors a t  a  combustor-inlet  pressure of 1 atmo6phere. I n  addi- 
tion,  the performance of a pilot chamber operating  alone i n  a closed- 
duct system was d e t e d n e d  down t o  pressures a6 low as 3 pounds per sapwe 
inch  absolute. Frm the  results obtained, it appeared likely that the 
pi lo t  would act  as a very  stable zone of combustion for  both reignition 
of the  turbojet combustors a f t e r  flame-out and maintenance of eff ic ient  
cmbw'tion  at  the lean fuel-air   ratios  required  for engine idling at 
higher altitudes. 

While the  previous  investigations (refs. 1 and 2) indicated  distinct 
potential  advantages i n  canbustor performance .with the  external  piloting 
system, the  investigations were l imited  to opera%ing  condition6 above 
atmospheric pressures. The research  described  herein, M c h  was con- 
ducted at the MACA Lewis laboratory, i s  an extension of the program t o  
subatmospheric inlet pressures w i t h  tubular combustors to determine the 
magnitude of the  indicated improvements cited  in  the earlier tests. Com- 
bustion performance wa8 determined with the two tubular combustors oper- 8 

ating  alone,  the  pilot chamber operating  alone, and both  the  pilot and 
the combustors operating  together. Performance was evaluated i n  terms of 

(1) Combustion efficiency and lean blow-out limits a t  a cambustor 
reference  velocity of 80 feet   per second, an inlet temperature 
of 268O F, and a pressure range of 2.9 t o  15 pounds per square 
inch  absolute 

- 

(2) Ignition limits, which  were determined f o r  a cambustor-inlet xLr 
temperature of loo F and over a range of total air f l o w   f o r  
the  pilot  and the two combustors from 0.75 t o  3 pounds per 
second 

(3) Altitude  operating m t s ,  which were -&-termined at simulated 
engine rotational speeds above 2000 rprn 

" 

The pi lo t  chmiber and combustor test equipment used i n  this research 
were furnished by the Battelle Memorial Inst i tute .  Gratef'ul  acknowledge- 
ment is  exkended t a . R .  W. Niewoehner of that laboratory  for  assistance 
i n  conducting the  experimental program. 

APPARATUS 

Installation L 

A schematic diagram of the  instal la t ion i s  shown in  f igure 1. Room- # 

temperature combustion air or  refrigerated air was drawn from the labo- 
ratory  air-supply system, passed through the cabustors,  and discharged. 



. 
W 

NACA RM E54El l  - 3 

in to  the altitude exhaust system, permitting operation i n   t h e  test section 
at pressures as low as 2.5 pounds per square inch absolute. Combustor- 
inlet temperatures were controlled by passing a portion of the inlet air 
through a heat exchanger located i n  a bypass l i ne  upstream of the test 
section. me heat exchanger was supplied uith hot e-ut gases from a 
gasoline-fired slave combustor. The quantity of air flawing  through the 
heat exchanger, t h e   t o t a l  d r  f l o w ,  and the combustion-chamber static 
pressure were regulated by remote-controlled valves with bypass-lfne 
valves  for fine adjustment of f low and pressure. The two tubular cornbus- 
tors  are from an  axial-flow  turbojet engine in   the SO- t o  100-pound-per- 
second air-flaw class. 

Pilot  C h a m b e r  

A view of the  pilot-chamber instal la t ion w i t h  the  p a n  of turbojet 
combustors is shown in figure 2. The p i lo t  chamber w a s  mounted on a sec- 
t ion of a modified compressor rear-frame  casting, and p i lo t  air w a s  taken 
from the combustor-inlet  diffuser  through a - by lFinch s l o t  machined 

in the leading edge of the  V-shaped divider between the combustor inlets. 
The air entered the p i lo t  chamber through the mounting pad by  which the 
pi lot  w a s  bolted  to the compressor rear frame. There w a s  no provision 
for  manual regulation of the a i r  flow t o  the p i lo t  chamber during this 
investigation. 

1 
16 

A sketch of the p i lo t  chamber i s  shown i n  figure 3. The p i lo t  con- 
sisted of (I) a 4-inch-outside-diameter stainless-steel shell with a 
l/if-inch-thick  lining made of K-30 insulating firebrick and (2) an 
unlined  air-entry  section 3 inches in   i n s ide  diameter. The two sections 
w e r e  connected by a V-band coupling t o  &ow the p i lo t  chamber t o  be 
disassembled easily for  inspection and cleaning. The p i lo t  fuel nozzles 
were munted on a segment of a circular disk tha t  blocked approximatel-y 
70 percent of the p i lo t  inlet cross  section and served as a flame stabi- 
l t z e r  (fig. -3). Two fuel nozzles were used t o  simulate more closely  the 
flow  characteristics of the standard  duplex fuel nozzles used i n  the 
547 combustors. The t w o  nozzles were swirl-type hollow-cone spray nozzles, 
rated at 1.35 and 8.30 gallons per hour (at a pressure  differential of 
100 lb/sq  in. ) , inclined t m d  each other a t  an angle of 15' t o  obtain 
even flame distribution at the two outlets  of the  pi lot  chamber. Two 
2-inch-inside-diameter  ceramic-lined  exhaust tubes opened in to  the 547 
cambustors a t  the normal cross-over  tube  location. The cross-over  tube 
openings i n  the combustor l iners  w e r e  enlarged t o  accomodate  the  pilot 
outlets . 

Fuel and Ignition Systems 

The fuel system i s  shown diagrammatically i n  figure 4. The flows 
t o  the large and ana l l  slots of the combustor duplex nozzles and the  large 
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and small  nozzles of the  pilot  chaniber were regulated  approxhmtely i n  
accordance wi th  the pressure-fluw schedule of the engine fue l  flow di -  
vider. The larger openings i n  each case were used on ly  when the  pressure 
in  the  small openings exceeded 27 pounds per  square  inch. The to ta l   fue l  
flow and proportional P l o w  t o  the large s lots  of the combustor  and the 
large  pilot  nozzle were regulated by needle  valves. MIL-F-5624A, grade- 
Jp-4, fue l  w a s  used throughout the investigation. 

The spark ignition system consisted of a conventional spark plug 
connected t o  a 5000-volt, 6O-cycle, 250-volt-ampere transformer. 

Instrumentation 

Combustors. - Total  temperatures and pressures were  measured at  the 
three  etations indicated in figure 1. The position of the  instruments 
in each of the three planes i s  shown i n  figure 5. Combustor-inlet t o t a l  
temperatures and pressures were measured with four  bare-junction un- 
shielded iron-constantan  themcouples and nine total-pressure tubes at 
station 1 (ftg. 5(a)). Combustor-outlet t o t d  temperatures and pressures 
w e r e  measured with 30 bare- junction  unshielded chromel-alumel therm- 
couples at statim 2 (fig.  5 (b) ) and 18 total-pressure tubes at station 
3 (fig. 5 (c) 1 . All instruments were located at approximate centers of 
eqpal areas. Static-pressure  orifices were instal led at the walls as 
shown i n  figure8 5(a) and (c). 

The thermocouples were comected t o  self-balancing  indicating 
potentiometers. The total-pxssure probes and w a l l  static-pressure  taps 
were connected t o  camon  well manometers. A mercury  nanometer was  used 
f o r  measuring the gage s t a t i c  pressures. Total  fuel flow and fuel flow 
t o  the  pilot  w e r e  measured by calibrated  rotameters, and air flow was 
metered  through concentric-hole, sharp-edged orifices.  

Pilot  chamber. - An estimate of the air flow through the   p i lo t  
chamber was obtained with a c a b r a t e d   p i t o t  tube instal led i n  the pilot 
chamber as shown in   f igure 3. Measurements of the m c  and s t a t i c  
pressures were obtaized with an incllned U-t& manometer and an atmos- 
pheric  reference manometer. A bare-junction chromel-alml thermocouple 
imbedded i n  the ceramic l ining of the pilot chamber with  the t i p  almost 
exposed to the flame zone served to  indicate  flame-outs i n  the  pilot  
chamber. 

Combustion Efficiency and Lean Ellow-Out. 

Comparison of. the combustion efficiency and lean blow-out limits of 
The tubular combw-tars with and without the pilot chamber in operation was 
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made at inlet-air static  pressures of 2.9, 3.9, 7.3, and 14.7 pounds per 
square inch  absolute, an inlet-air temperature of 268O F, and a reference 
velocity of 80 feet per second. The reference  velocity i s  based on the 
maximum cross-sectional m a  of the cambustor (0.48 sq f t )  and the  density 
of the inlet air. It was necessary t o  disassemble the p i lo t  chamber a f t e r  
each series of tests t o  remDve the carbon deposits formed by fuel crack- 
ing in the mnall nozzle  passages. ' Ib is condition  could  probably be 
corrected by proper  design changes. 

. 

CFI w Combustion efficiency was computed as the percentage r a t i o  of actual. 
F t o  theoretical  increase  in  enthalpy frm canbustor-inlet to -outlet 

instrumentation  planes by using  the methods  of reference 3. The arithmetic 
mean  of the 30 outlet  thermocouple readings was used to  obtain  the value 
of combustor-outlet  enthalpy. 

Ignition 

Throughout  he investigation,  the  pilot fuel flow was adjusted to 

m pi lo t  chamber had z10 spark"p1ug; thus, on light-off,  the pilot-chamber 

maLntaLn an approximately s toichimetr ic  fuel-air ratio  within  the  pilot  
chamber, since there w&s no manual control of the p i lo t  air flow. The 

outlets served the purpose of cross-ignition tubes, igniting the p i lo t -  
chamber gases fram the flarne i n   e i t h e r  cambustor. Ignition and blow-out 
i n   t he   p i lo t  chamber w e r e  detected by a change i n  the reading of the 
single thermocouple imbedded in   t he  ceramic l ining. For ignit ion tests, 
where the  pi lot  flame w a s  used as a source of ignition,  the combustors 
were lighted momentarily in order t o  start the pilot. The combustor 
f u e l  flow was then  shut off w h i l e  the p i lo t  remained lighted f o r  the 
subsequent reignition tests of the two combustors. Ignition tests w e r e  
made at a constant  combustor-inlet temperature of approximately 10' F 
and t o t a l  air flows of 0.75, 1.5, and 3.0 pounds.per second (total aLr 
flow included f l o w  through the p i l o t  and both combustion chambers). 
The minima ccanbustor-inlet pressures at m c h  the combustors would 
light, a t  any fuel-air   ra t io ,  were determined with the pilot as an 
ignition source and with a low-energy spark i n  each cambustor as an igni- 
t ion source. 

Altitude Operating m t s  

The altitude  operating limits of the conibustors with and without 
t h e  use of the pilot were determined over a range of engine  speeds 

A t  a given simulated condition of a l t i tude and engine speed, a l l  
inlet-air  conditions were held  conetant and the fue l  flow was in- 
creased until either the required  temperature rise was attained,  the 
combustor-outlet temperature decreased with further  increase in fuel flow, 

* from 25 t o  85 percent' of maxirmun rated speed in  the  following manner: 

* 
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or  cmbustion blow-out occurred. If the  required temperature r i s e  was 
attained, the point was considered i n  the  operating  region f o r  the 
engine; i f   e i t he r  of the  other two occurrences was encountered, the 
point was considered i n  the nonoperating  region for   the engine. This 
procedure w-as repeated for enough engine operating  points t o  determine 
the limiting altitude f o r  engine operation at each  engine speed fo r  
a simulated flight Mach  number of 0.6. 

RESUL'IIS 

Data on combustion efficiency, flame blow-out, ignition, and 
altitude  operating  limits  obtained i n  the combustors wi th  and without 
the  pilot  chaniber i n  operation  are  presented in table I. 

Cambution Efficiency and Lean-Limit Blow-Out 

The cmbuation  ef'ficiency of the combustors with and without the 
p i lo t  chamber i n  use is  shown as a function of over-- €'uel-air ra t io  
i n  figure 6. A t  14.7 and 7.3 pounds per square inch  (figs. 6(a) and 
(b) ) , combustion efficiency was improved  by the  use of the  pilot only 
for   l ean  over-a31 fuel-air  ratios; at the two lowest pressures of 3.9 
and 2.9 pounds per square inch (fige. 6 ( c )  and (a)), combuetion efficiency 
was improved at a U  fuel-air ra t ios .  The lean fuel-air-ratio limits of 
operation were extended samewha;t by the use of the p i lo t   a t  all pressures 
investigated. 

Ignition L i m i t s  

A comparison of ignit ion limits obtdned  with  electric-spark and 
pilot-chamber flame sources is presented in   f igure 7. The ignition limits 
are shown as functions of combustor-inlet t o t a l  pressure and t o t a l  air 
flow a t  a constant  combustor-inlet t o t a l  temperature of loo F. A t  a 
t o t a l  air flow of 3 pounds per second the  cmbustors had au ignition 
pressure limit of 6.1  pounds per squsrre inch 8bSOlUte with the  pilot  
chamber and 7.6 pounds per square  inch  .&solute with the sperrk ignition 
system. The blow-out U n i t s  for   the combustors operating  without  the 
p i lo t  and f o r  the  pilot  operating without cmhs to r s   a r e  shown in   f igure 
7 by broken lines. For the,combustor  tests,  the  criterion of blow-out 
was the loss of flame in both ccrmbustors. It may be noted from figure 
7 that ,  over most of the range of a i r  flow investigated,  the  pressure at 
which  blow-out occurs i n  the  pilot  alone i s  about 0.7 pound per sq&e 
inch higher than  that at which 'the cauiistors blow out. 

c 

A curve representing a i r  flows and pressures  in t h e  .combustors 
f o r  engine  windmilling conditions, approximately 2100 rpm (data from 



. ref .  e ) ,  i s  a l s o  included in figure 7. Pressure a l t i tudes   a t  a f l i gh t  
Mach  number of 0. b are indicated along this l ine.  The point of in te r -  
section of the combustor  blow-out curve with this windmilling l i n e  i s  
at a  pressure  altitude of about 47,000 feet .  The point of intersection 
of the two i g n i t i o n - l h i t  curves with the winmilling l i n e  i s  at a 
pressure altitude of about 25,oOO f ee t  f o r  the  lou-energy-spark system 
and about 33,000 fee t  f o r  the p i l o t  chamber. 

CH w cn P 
Altitude  Operating L,imits 

The altitude  operating limits of the  canbustors  with and without 
the  pilot  chaaiber i n  use are shown in figure 8. The p i l o t  chamber 
extended the minFmum engine rotational speed at an al t i tude of 20,000 
fee t  from 2500 to l e s s  than ZOO0 qm. The d e n s i o n  of minimum operating 
specis by use of the pilot decreased  with  increasing  altitude  until,  at 
45,000 feet,  the min3murn speed was the stme with or  without  the  pilot. 
Pilot blow-outs above 45,000 fee t  are indicated by the broken l ine.  

MEUSSIOW 
3 

Conbustion efficiencies f o r  an operating  pressure of 14.7 pounds 
per 6q-e inch  absolute f r o m  reference 2 were approximately duplicated 
at   the  Lewis laboratory. This camparison i s  shown in figure 9. Cam- 
bustion  efficiency would not be expected to be influenced by the use 
of the  pilot  at  conditions of high fuel-- ra t ios  -re the  pi lot  f'uel 
flow i s  a SmaJl percentage of the t o t a l  fuel flow. For  very  lean fuel- 
air rat ios ,  however, wbere the p i l o t  fuel flow would be a larger portion 
of the t o t a l  fue l  flow, the p i l o t  should have a greater  effect on the 
over-all  efficiency. 5us, as expected, a t  ccrmbustor-Wet pressures 
above 7.3 pounds per square inch  absolute,  canbustion  efficiency was 
increased only near the  lean llmits of operation; a t  the lawer inlet 
pressures, an increase i n  efficiency was noted a t  all fuel-air  ratios 
(fig. 6).  It would also be expected that  the use of the  pi lot  would 
extend the lean blow-out limit of the combustors t o  lmr o v e r - d l  Fuel- 
air ratios,   since  the  pilot  passes & very small percentage of the   to ta l  
air f l o w  and bums it at stoichiometric fuel-air ratios.  Unstalle 
operation of the p i lo t ,  noted par t icular ly   a t  cambustor-inlet  pressures 
of 3.9 and 7.3 pounds per square  inch  absolute, however, m y  &ccount f o r  
the  fact  that the  pilot  did not  extend  the lean limit of operation 
appreciably st these  conditions. 

- The p i lo t  chamber increased  the  ignition Ilmits of the combustors 
several  thousand  feet over  those of a low-energy spark source a t  engine 

be ign i ted   a t  windmilling speeds by any source of ign i t ion  i s  about 
47,000 feet,  since  the cambustor blow-out line intercepts   the  winwll ing 
curve a t  this d t i t ude   ( f ig .  7) . 

windmilling speeds. The maximum a l t i tude   a t  mch the cazlibustors can 
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The p i lo t  chamber i n  i t s  present  configuration had. blow-out Units 
amraximately 0.7 pound per s-e inch  higher  than  the  combustors.over- 
the range of air f lows  investigated. These p i lo t  blow-out limits are 
i n  fair agreemnt wlth data presented i n  reference 2, as sham i n  figure 
10. A t  lar alt i tudes,  where the  pilot  i s  not  pressure-limited,  the 
stolchiometric  pilot fuel-air mixture prodUcGs sufficient temperature 
rise, even without  the ccunbustars i n  operation, t o  satisfy  the low-englne- 
speed temperature-.rise  requirements. The minimum engine ro ta t iona l  speeds 
we  therefore extended, as note-d i n  figure-8. At high altitudes (above 
45,000 f t  i n   f i g .  81, the.   pilot  chamber can no longer extend the m i n i m  
engine speed because of the reLati~ely'hi~~~pres~6u4e blow-out limit of 
the  pi lot  with respect t o  the engine combustors. 

6 

!i2 
M 
M 

The instal la t ion of a piloting device such as the one discussed 
herein on a turbojet engine ha6 several  inherent  disadvantages, such as 
added weight,  mechanical  complication, and maintenance. The p i lo t  
chamber  must therefore  effect masked canbustor improvements t o  -ant 
i t s  instal la t ion.  The results of this investigation  indicate  that  the 
combustion efficiency, lean limit, and altitude engine  operating limit 
of the combustors were mt greatly improved y&th the use-of the pi lot  
chamber. The ignition limits a t  engine  windmilling speeds, however, 
were increased e ight  thousand feet. 

." .. .. . . 

It i s  not  wlthin the scope of this report t o  determine whether o r  
not  .the  canbustor performance improvements shown by the use of' the pflot 
chamber aze large emugh t o  w-arrant ~ilot-chembzr  installations on these 
engines. It i s  likely, however, that, fo r  821 equal expenditure of 
effort, turbojet. cambustors could be designed t o  operate a t  high altitudes 
equal ly  w e l l  with less  additional weight and mechanical  ccanpllcation. 

SUMMARY OF RESULTS 

The resu l t s  of an investigation of the low-pressure performance of 
a pair of tubular combustors equipped with an external p i l o t  chamber are 
as follows: 

1. The over-all canbustion efficiency of the Bystem was not in- 
creased by the use of the  pi lot  chamber at combustor-inlet  pressures 
above 7.3 pounds per squarre inch  absolute  except new  the  lean blow-aut 
limits. The canitxlstion efficiency was increased at aJ1 fuel-air   ratios 
investigated at pressures below 7.3 pounds per s q u m  inch absolute. 

c 
" 

L -  

2. The blow-out pressure limit was about O. 7 pound per square inch L 

hhigher f o r  the  pilot chamber than for the canbustors;  thus, the altitude 
combustion lhdt for the  pilot  was lower than  that of the combustors. - 
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3. Pilot-chber   operat ion extendea the lean unrit of the CcrmbuStOrSj 
consequently, the mfnFnnnn engine  speed was extended by the use of tlie pilot 
chamber a t  altitudes b e l o w  45,000 feet ,  where the p i l o t  chamber w&s not 
pressure-limited. 

w 
(r, 
w 
P 

4. For e a n e  winamllllng speeds, the  ignition limits of the com- 
bustors were -roved  by several  thousand f ee t  by using the  pilot  chamber 
rather than a low-energy spark as an ignit ion source. 
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TABLE I. - -KG DATA 

(a) Over-all  conibustion efficiency fith p i l o t  burning. 

Run Conibustor- Estimated  Total 
i n l e t   p i l o t  air air 
pressure flow, flow, 
lb/sq  in.  lb/sec  lb/sec 

ab a 

7.25 0.033 2.10 I l Y  I I 7.25 0.033 12.10 

b12 
a13 

14 3.93 0.025 1.14 
15 1.15 
16 1.14 

C J dl7 1.12 

18 2.93 0.0LB 0.86 
19 .86 
20-  .87 .85 

.85 
. .86 

e , f a  
eJ22 

? m o t  burning only. 

e,f 23 

out le t  8 cn r 

79 

79 

0.0188 88.3 
. o m  90.8 
.0097 92.4 
.0077 93.9 
.0052 88.3 
.W28 90.3 
.ooO76 ---- 

0.0206 85.7 
.0160 88.5 
.OU6 95.0 
.m91 87.3 
.0061 97.6 
.mu "" 

264 
267 
268 
270 
27 1 
267 
268 

266 
270 
268 
270 
269 
26% 

80 0.0232 82.8 268 1500 
81 . -0187 85.8 270 1510 
80 * .Q149 73.7 269 1050 
79 .0097 74.9 270 800 

81 0.0262 71.6 261 1520 * 
' 81 ,0169 77.6 261 rn 

82 .014J3 65.1 260 
80 . m 7  30.9 260 52s 

950 

80 .0127 37.8 260 610 
83 . o m  37.9 277 5% 

. 

9nc ip ien t  blow-out of cambustore. 
'Complete blow-out d comtmstora. 
aBlar-out of pi lo t .  
emw-out  of one conibuetor only. 
'Pilot operation unstable. 
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* 

Run  

- 
24 
25 
26 
27 
28 
29 

b30 

31 
32 
33 
34 
35 

"36 

37 
38 
39 

e40 

- 

41 
42 
43 '44 

TABI-8 I. - Continued. IlATlL 

(b) Over-all  combustion efficiency  without  pilot  burning. 

:ombuetor- 

f t /sec  lb/sec Ib/sec Lb/sq in.  
velocity, flow, flow, pressure, 
reference air p i l o t  a i r  tnlet  
Combustor Total Estimated 

abs 

14.7 

78 4.18 
78 4.16 
78 4.20 
79 4.20 
78 4.17 , 
78 4.18 
81 4.20 0.07 

Over-aU. 
fuel-& 
r a t i o  

0.0202 
.0162 
.0128 
.0092- 
.OO63 
.0037 
.0024 & 0.033 ~ 2.l.l 

2 . u  
2.10 
2.10 
2.10 
2.10 

I, 14 
1.12 
1.10 
1.125 

80 
80 
80 
80 
80 
80 

80 
79 
77 
79 

0.0206 
.0160 
.OB4 
. m 3  
.m1 
.a 0  

0.0227 
.Ol98 
.0157 . O U  

2.93 0.018 0.835 

.0137 80 .850 

.0164 81 .865 

.02E 80 .a55 
0.0263 79 

bI txipient  blow-out of conibustors. 
eBlow-out of one  conitustor o w .  

:ombution 
$fficiency, 

pezcent 

87.6 
90.4 
92.0 
94.9 
96.6 
80.0 
72.6 

85.8 
90.2 
91.1 
86 ..1 
80.2 
74.7 

76.6 
76.7 
74.7 
48.0 

72.0 
67.3 
67.9 
59.4 

Conibustor- 

temper- eture, 
average temper- 
outlet inlet 
Conibuetor- 

OF ature, 
OF 

290 

400 268 
500 271 
715 265 
910 274 
ll05 266 
1290 267 
1500 

268 1475 
270 1280 
268 1080 

267 630 
267 550 

272 1455 
275 1325 
270 l lm 
270  660 

265 1535 
261  1260 
261 1050 
261 850 

268 850 
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TABLE I. - Crmtimed. v aAlcA 
(e) Combustor and pilot blow-out .g 

Run Cconibustor- Cabustor Total d r  Conbustor- 
inlet 

tempratme, v e h i t y ,  lb/sec Press-, 
Inlet reference flow, 

lb/sq in. ?I? ft/sec 
ab0 

45 

2.93 52 
1.5 2.88 51 
i 4.68 50 

5.23 ' 49 
4.58 48 
4.93  47 
4.95 46 

3.0 . 4.73 

54 2.38 .75 
55 2.68 
56 2.38 

53 4 2.88 

lll 

9 UA 
10 102 
10 116 
I l  108 
ll 108 

2 

93 l3 
91 10 
92 9 
57 16 

. 50 ll 
56 13 

57 

.75 2.62 62 

.75 2.80 61 
1.5 3.68 60 
1.5 3.53 59 
3.0 5.90 58 
3.0 5.64 

?Points recorded at blow-out. 

94 

16 51 
3.5 48 
12 73 
ll 75 
7 90 
0 
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(d) Spark and pilot  ignition. 

(hibustor- Ignition Cambustor- Cambustor Total aLr 
inlet inlet reference flow, 
pressure, temperature, velocity, lb/sec 
lb/sq in. “p ft/sec 

aba 

Spark ignitioa 

I 

13 44 3.05 65 
14 48 2.78 64 
13 a 0.75 3.27 63 

1 66  3.76  1.5 
4.25 67 

8 70 

3 66 7.98 73 
2 68 7.68  72 
0 75 3.0 6.95 71 
7 57 4.62 70 
6 53 4.98 69 
7 48 5.49 68 
8 62 

1 

I 
c 

m o t  ignition 

Ye 8 
No 

i 
Ye 8 

I 
NO 
Yes 
Yes 

- 

74 

9 72 3.0 7.35  78 
17 63 1.5 4.17 77 

Yea X) 42 3.20 76 
No 20 46 2.98 75 
Yes 16  46  0.75 2.94 

80 6 .I2 87 9 No 

1 
c 79 I 9 78 6.85 
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TABLE I. - Concluded. JlATA 

(e) Altitude operating limits with and without p i lo t  burning. 

Wlth pilot burning 
I 

1 3.81 
3.03 
4.40 
4.64 
9.05 
8.36 

1.66 
1.55 
2.02 
2.02 
3.6 
3.0 

40 
18 
15 
66 
68 

c87 

b89 
c88 

hS0 
$1 

hs3 
b94 

b9 2 

3.43 
3.86 
4.40 
5.12 
3.86 
3.22 
4.45 
3.03 

without pilot burning 

1.4 
1.64 
2.0 
2.4 
1.9 
1.54 
1.8 
1.16 

- 26 
-3 
14 
34 
75 
4% 

207 
212 

%lot bur3ing only. 

dBlow-out of pilot. 

bInciplent blow-out of conkmators. 
‘Complete blar-out of ccmibustors. 

hoperable point. 

40, OOo 

1 
50, OOO 
55,000 
6 5 ? 0 o O  
75,000 

2ooo 
2500 
3000 
3500 
4000 
4000 
6000 
6000 
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1 1 

p m b u s t i o n  a i r  

“-Refrigerated alr 

Atmospheric exhaust Preheat a b  

Air-metering 
or i f ice  

Instrumentation stations Instrumentation stations 

L 
valves vim pilot chambar 

Bigure 1. - Installation of ambustore and pilot. 

P 
F 

I 

. .. 
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- . .. . .  . .  I 
3361 

4 I 

. A 
91 " lo" , - 

-30 Firebrick 

Flame stabilizer 

Section E-B SOCtlon A-A wlth K"36 firebrick 

P 

Figure 3. - Sketch of ceramic-Uned pilot chamber. 
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+- 
Jp-4 Fuel supply 

1 

Large-nozzle  flov- 
control  valve 

control Large pilot  nozzle 

Pllot fuel-flov 
rotameter 

I gmsme gage 

ElOt 
flow-control  valve 

Figure 4. - Fuel q a t m  for pilot c h b e r  .and cmbuatora. 
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rakes at station I. 

A 

X 'L'nermocouple 
O ~ o t a l  pressure 

19 

Figure 5. - Instrumentation. 
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100 . " . 

90 

80 
+, Combustors without pilot 
8 Blow-out 
k Operation of stoichiometric 
PI pilot alone (no blow-out) 
2 

u 
PI 

8 70 
a) 
.;i 
..-I 
0 (a) Combustor-inlet  pressure, 14.7 pounde per  square  inch  absolute. 

Over-all f uel -a i r   ra t io  

(b) Combustor-inlet  pressure, 7.3 pounde per aquae inch absolute. 

Figure 6. - Combustion efficiency of pair  of tubular combustors wi th  and 
without p i lo t  chamber i n  operation.  Operating  conditions:  Inlet tem- 
perature, 268O F; combustor reference  velocity, 80 feet   per second. 

. 
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90 

80 

70 

60 

50 

.008 .012 . 016 .020 024 
Over-al l  f uel-air r a t i o  

(c) Combustor-inlet  pressure, 3.9 pounds per 
square inch abaolute. 

Figure 6. - Continued. Combustion efficiency of pair  
of tubular combustors with and without  pilot c h d e r  
in operation.  Operating  conditions: inlet tempera- 
ture,  2 6 8 O  F; combustor reference  velocity, 80 fee t  
per  second. 
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.008 . O l 2  

NACA RM E 5 4 E l l  
L 

* 

016 .020 
Over-a l l  f uel-air ratio 

024 

(a) Combustor-inlet pressure, 2.9 pound8 per square Lnch absolute. 

Figure 6. - Concluded. Combustion el'f iciency of pair  of tubular com- 
bustors w i t h  and without p i l o t  chamber in operation.  Operating 
conditions:  Inlet.temperature, 268' F; combustor reference  velocity, 
80 feet   per second. 

. 
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rl 
CD n n 

7 

2 

1 

0 
Total air f l o w ,  lb/eec 

F l g ~  7. - Ignition limits of pair of  tubular combuetors sharing absolute-pressure 
blow-out  limits of combustors and pilot .  Inlet  temperature, 100 F. 
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Engine speed, r p m  

F i g u r e  8. - Altitude  operating limits of pair of tubular combustors with 
and without p i l o t  chamber in operation.  Shulated flight Mach number, 
0.6. 
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25 

90 

80- i 
0 .004 - 008 . O l 2  016 .020 

Over-all fuel-air  ratio 

Figure 9. - Comparison of combustion efficiency of pair of tubu- 
lar combustors w i t h  p i lo t  chamber i n  operation with data from 
reference 2. Operating  conditions: inlet pressure, 14.7 
pounds per squaze inch absolute; ccmibustor referewe velocity, 
80 feet per second. 
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Data from ref. 2; 
inlet-air temper- 
ature, 70° t o  90° F 

NACA data; I 
inlet-air 

. 

I I I I I I 

3 20 30 40 
Pilot  reference  velocity,  ft/aec 

Figure 10. - Comparison of absolute blow- 
out lFmits of p i lo t  chamber operating at 
stoichiometric fuel-air ratios with data 
of reference 2.  
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