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SUMMARY 

An investigation was conducted with a single combustor from a 547 
turbojet  engine using weathered aviation gasoline and several epark-plug 
modifications t o  determine a l t i t ude  ignition, acce'lemtion, and steady- 
s t a t e  operating character is t ics .  

Satisfac-tory ignition was obtained with two modifications of the 
original op~osi te-polar i ty  spark plug up t o  and including an a l t i tude  
of 40,003 fee t  a t  conditions simulating equilibrium windmilling of the 
engine a t  a f l i g h t  speed of 400 miles per hour. A t  a simulated a l t i tude  
of 30,000 fee t ,  sat isfactory ignition was obtained over a range of simu- 
la ted  engine speeds. No signif icant  effect  of fue l  temperature on ign i -  
t i o n  l i m i t s  w a s  observed over a range of fue l  temperatures from 80° t o  
-52' F. 

A t  an a l t i tude  of 30,000 feet ,  the excess temperature r i s e  a v a i l -  
able f o r  acceleration a t  low engine speeds was limited by the a b i l i t y  
of the combustor t o  produce temperature r i a e j  whereas a t  high engine 
speeds the maximum allowable t u r b i n e - i l e t  temperature became the r e -  
s t rxct ing factor .  

Altitude operational l i m i t s  increased from about 51,500 fee t  a t  
55 percent of rated engine speed t o  about 64,500 fee t  a t  85 percent of 
rated speed. Combustion eff ic iencies  varied frpm 59.0 t o  92.6 percent 
over the range investigated and decreased with a decrease i n  engine 
speed and with an increase i n  a l t i tude ;  higher eff ic iencies  would have 
been obtained i f  lower a l t i tudes  had been investigated. Comparisons 
were made of the combustion eff ic iencies  of weathered aviation gasoline 
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and MIL-F-5616 fue l  a t  a l t i tudes  of 30,000 and 40,000 fee t .  Combustion 
eff ic iencies  obtained with MIL-F-5616 fue l  were 8 percent higher at 
rated engine speed and 14 percent lower a t  55 percent of rated speed 
than those obtained with weathered aviation gasoline. 

INTRODUCTION 

Experience has shown tha t  the performance of a turbojet  combustor 
is dependent on f l i g h t  conditions and that poor performance is gener- 
a l l y  encountered a t  high a l t i tudes  and a t  low engine speeds. Con- 
sequently, a general program t o  determine the performance characteris- 
t i c s  of turbojet  combustors under various f l i g h t  conditions is being 
conducted a t  the NACA Lewis laboratory with a view t o  establishing 
optimum design cr i te r ions ,  Steady-state characteristics,  such a s  al-  
t i tude  operational l i m i t s ,  combustion efficiency, and pressure drop, 
of single combustors, both of the annular and of the can type, have 
been investigated f o r  different  designs and f o r  a number of different  
fue ls  ( for  example, references 1 t o  4). Altitude igni t ion and acceler- 
a t ion  are, of course, of great importance f o r  multiengine planes having 
one or  more engines temporarily inoperative or  f o r  single-engine f ight -  
e r s  incurring blow-out a t  high a l t i tudes .  A study of the igni t ion 
character is t ics  of several fuels  i n  a single can-type combustor is  
presented i n  reference 5 and a wind-tunnel investigation of a l t i t ude  
s t a r t ing  and acceleration character is t ics  of the 547 engine is  reported 
i n  reference 6. 

I n  addition t o  such factors  as ine r t i a  of the rotat ing parts and 
decreased a i r  mass flow a t  a l t i tude,  an important fac tor  affect ing 
acceleration of a turbojet  plane is the temperature r i s e  produced by 
the combustor i n  excess of t h a t  required t o  maintain the engine a t  
steady-state operation f o r  a given f l i g h t  condition. This excess 
temperature r i s e  available f o r  acceleration is normally limited f o r  
two reasons: (1) Flame blow-out may occur as  tlie resu l t  of over-rich 
fue l  -a ir  ra t ios;  or (2)  allowable turbine - inlet  teinperatures may be 
exceeded. 

The investigation reported herein was uonducted t o  determine the 
a l t i tude  ignition and acceleration character is t ics  of a single 547 com- 
bustor. Additional data were obtained t o  evaluate the a l t i tude  oper- 
a t ional  l i m i t s ,  combustion efficiency, and total-pressure losses of 
the combustor. Igni t ion l i m i t s  were determined a t  an a l t i tude  of 30,000 
fee t  and at  engine rotat ional  speeds below and above equilibrium wind- 
milling speeds f o r  simulated f l i g h t  speeds of 400 and 354 miles per hour, 
respectively. Additional ignition-limit t e s t s  were made over a range of 
a l t i tudes  f o r  a simulated f l i g h t  speed of 400 miles per hour and an en- 
gine speed equivalent t o  equilibrium windmilling speed. Acceleration 
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character is t ics  were determined a t  a 30,000-foot simulated a l t i tude  over 
a wide range of engine rotat ional  speeds (12.7- t o  88.6-percent rated 
engine speed) a t  a simulated f l i g h t  speed of 400 miles per hour a t  and 
below equilibrium windmilling a p e d  and 354 miles per hour above equi- 
librium windmilling speed. A l l  t e s t s ,  including those f o r  a l t i tude  
operational limit and combustion efficiency, were made with weathered 
aviation gasoline tha t  corresponded t o  MIL -F-5572, grade 115/145 fuel,  
from which 15  percent of the more vola t i le  constituents had been re- 
moved t o  simulate a l t i t ude  vaporization losses.  Limited t e s t s  f o r  
comparieons were made with MIL-F-5616, a kerosene -type fue l  t ha t  is  the 
design fue l  f o r  the 547 combustor. 

APPARATUS 

The ins ta l la t fon  of the 547 combustor pho topph ica l ly  shown in  
figure 1 followed typical  NACA procedure (reference 1 )  . A d i a ~ ~ t i c  
sketch of the complete experimental setup showing the location of con- 
t r o l  equ ipen t  as  well as the location of instrumentation planes is 
presented i n  figure 2. Instead of an electr3.c preheater, a gasoline- 
f i r ed  preheater (reference 4) was used. A detailed cross -sectional 
sketch of the combustor (including i n l e t  and out let  diffusers having 
the same contour and dimemions as the corresponding engine &s) is  
shown i n  figure 3. Fuel was supplied t o  the combustor by means of a 
duplex-type spray nozzle; the r a t e  of fue l  flow was controlled by a 
manual valve located do3rastrem.u of a calibrated ro tme te r  and a high- 
pressure pump and separated from the nozzle by approximately 10 f e e t  
of 3/8-inch outside -diameter tubing. Igni t ion was effected by means 
of one of three different  types of spark plug, a description of which 
follows . 

Plug A.  - Two single electrodes of opposite polarity entered from 
diametrically opposed holes i n  the combustion chamber and forrned a .. 

I 
1/4-inch spark gap at  the center l i n e  of the combustor, 3 inches from 

the domed i n l e t  end (f ig .  3 ) .  This plug, made a t  the Eewis laboratory 
according t o  the manui'acturer 's reconmendation, u t i l ized  most of the 
machined bodies of production plugs and had special  porcelain insula- 
to r s  and center electrodes of 1/8-inch inside -diameter a l loy tubing 
through which was passed cooling air  from the combustor-inlet diffuser.  
Plug A was used for  most of the igni t ion t e s t s  and all  other t e s t s  
reported herein. 

Plug B. - This plug was an experimental, opposi"oe-polarity spark 
plug supplied by the mnufacturer,  The electrodes, imtead  of enter- 
ing from opposite sides of the cmbustor, were about 110' apart and 
formed a 1/4-inch gap a t  the same position as  plug A. The cooling air 
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f o r  t h i s  plug entered through a 1/2-inch hole i n  the s k i r t  of the plug; 
the hole was located between the cambustor housing and the l i n e r  and 
faced upstream. The a i r  entering the plug through t h i s  1/2-inch hole 
then divitied, a portion blanketing the exposed porcelain and the re- 
mainder passing down the hollow center of the electrode tubing 
(0.146-in. 0 .D. ) and thence in to  the combustion chamber. 

Plug C . - This plug was the Fame as s . p k  plug B except tht the  
1/2-inch a i r  holes i n  the s k i r t  of the plug were reduced t o  a 1/4-inch 
diameter. 

A standard igni t ion c o i l  supplied by the manufacturer was used 
i n  congunction with a l l  three spark plugs. 

A i r  flow and fue l  flow t o  the combustor were metered by a standard 
A .S .M .E . thin-plate or i f  ice  and by calibrated rotameters, respectively. 
Temperatures and pressures of the i n l e t  air  were measured by two single- 
junction iron-constantan thermocouples and by three, three-point t o t a l -  
pressure rakes and one static-pressure tap, respectively, located at 
plane A-A (f ig .  2) and. arranged as shown i n  figure 4. 

Temperatures of the combustor-exit gases were measured by seven 
banks of f ive  -junction chromel-alumel thermocouple rakes located at 
plane B-B ( f ig .  2 ) )  corresponding approximately t o  the position of the 
turbine blades i n  the complete engine. Combustor-exit gas t o t a l  pres- 
sures were measured at plane C -C ( f i g  . 2 )  by seven banks of f ive  -point 
pressure rakes; a w a l l  static-preseure measurement was made a t  the same 
plane . All  t o t a l  -pressure and temperature probes ( f i g  . 4) were located 
at  the centers of equal areas, resul t ing i n  one pressure and one tem- 
perature reading f o r  each 0.916 square inch of cross-sectional area,  
Fuel temperatures were measured by a single-junction iron-constantan 
thermocouple i n  the fue l  l ine  immediately ahead of the combustor. 

PROCEDURE 

I n  order t o  investigate a l t i t ude  igni t ion  and acceleration, it 
is necessary t o  determine the engine operating conditions tha t  would 
be encountered at  the sudden opening of in l e t - a i r  gates t o  a parasit ic- 
type engine at  a given a l t i tude  and f l i g h t  speed, Transient in l e t -  
air  conditions below equilibrrum windmilling speed were calculated f o r  
an a l t i t ude  of 30,000 f e e t  and a f l i g h t  speed of 400 miles per hour 
(using a derivation included i n  the appendix) and are  given i n  
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figure 5(a) . Cambustor operating conditions a.t equilibrium windmill- 
ing (2100 rpm or  26.6 percent of rated speed) and f o r  rotat ional  speeds 
between windmilling and rated speed (7900 r p )  were detemined from 
previous MACA investigatf ons (reference 7) and a r e  shown i n  figure 5(b) . 

For the igni t ion t e s t s ,  i n l e t - a i r  conditions were a d j u ~ t e d  t o  
simulate a given f l i g h t  condition, the spark plug was energized, and 
the fue l  flow turned on. Only igni t ion occurring within 45 seconds 
a f t e r  the opening of the f i e 1  valve, as indicated by a sudden r i s e  i n  
the canbustor-outlet temperature, was considered satisfactory. Various 
fuel-flaw ra t e s  were investigaked. Data were taken a t  various a l t i tudes  
at equilibrium windmilling conditions with f'uel temperatures varying 
between 70° and 80' F, (normal t e s t - ce l l  conditions) and with the f u e l  
maintained a t  the temperature of the ambient air at the simulated al- 
t i tude .  Additional igni t ion data were taken at an a l t i tude  of 30,000 
f e e t  f o r  engine rotat ional  speeds above and below equilibrium wind- 
m i l l i n g  speed and with a fue l  temperature of 70' t o  80° 3'. 

Acceleration t e s t s  were conducted by two methods, a slow-throttle 
and a rapid-throttle advance. For the slaw-throttle advance, i n l e t -  
air conditions and f'uel-flow ra te  were adjusted t o  simulate a given 
a l t i t ude  and rotat ional  speed. Then, w i t h  i n l e t - a i r  conditions held 
constant, the fue l  fluw was slowly increased u n t i l  blow-out or  exces- 
sive temperatures (above 1700' F, oonsidered by the manufacturer t o  
be the l imiting turbine - inlet  temperature) were encountered. The d i f  - 
f erence between the i n i t i a l  combust or -outlet temperature, required t o  
maintain steady-state engine operation, and the f i n a l  out let  tempera- 
ture  was taken as a meas- of the a b i l i t y  of the combustor t o  produce 
acceleration. For t e s t s  at  o r  below equilibrium windnilling speeds, 
the en t i re  temperature r i s e  across the combustor may be considered t o  
be available f o r  producing acceleration. For the  rapid-throttle-l 
advance t e s t s ,  the in l e t - a i r  conditions and fuel-flow ra tes  wexe ad- 
justed as  before; the fue l  flow was  then increased i n  3 seconds t o  a 
value registered on the rotameter equal t o  three-fourths of the maximum 
fuel-flow r a t e  obtained with slow-throttle advance, If  flame blow- 
out did not occur, the procedure was repeated t o  successively higher 
fue l  -flow ra tes  . Combustor-outlet temperatures at ta ined a f t e r  sta- 
b i l i za t ion  of combustion were used i n  the rapid-throttle t e s t s  be- 
cause of the d i f f i cu l ty  i n  determining with thermocouples the instan- 
taneous average temperature a t  the end of the 3-second th ro t t l e  advance, 

Altitude operational l i m i t s  and combustion eff ic iencies  at various 
simulated -f l i g h t  conditions were determined. I n l e t  -air temperature, 
pressure, and mass flow were s e t  f o r  the parbicular f l i gh t  condition 
investigated and the fue l  flow adjusted t o  give the required combustor 
temperature r i s e .  Conditions at  which the required tempemture r i s e  
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could not be attained were considered t o  be i n  the inoperable range 
of the engine, A l l  data were taken with the spark plug de-energized. 

I n  order t o  simulate more closely operation a t  a l t i tude,  a limited 
number of t e s t s  was repeated with the fuel  at a l t i t ude  ambient-air 
temperature rather  than a t  room temperature. The t e s t  fuel. used dur- 
ing the greatest  part of %he investigation was weathered aviation gaso- 
l ine ,  corresponding t o  KfL-F-5572, grade 115/145 fuel,  from which 
15  percent of the more volat i le  constituents had been removed t o  simu- 
l a t e  a l t i tude  vaporization losses.  Comparison t e s t s  were made with 
MIL-F-5616 fuel,  the design fue l  f o r  the 547 comb us to^. Physical data 
fo r  the two fue ls  are presented i n  table  I. 

Combustor in l e t - a i r  and out let  -gas t o t a l  pressure were a l so  re- 
corded f o r  the determination of the pressure drop through the combustor. 

Calculations 

Combustion efficiency, as used herein, is a r b i t r a r i l y  defined as 
the r a t i o  of the increase i n  enthalpy of the air  and combustion products 
t o  the heat available i n  the fuel ,  and was calculated as described i n  
reference 8. Themocuuple Indications were taken a s  t rue values of 
t o t a l  temperature with no correction f o r  radiation dr  stagnation e f -  
f ec t s .  I n  order t o  record combustor pressure losses on a dimensionless 
basis, the r a t i o  of the pressure loss  t o  a reference dynamic pressure 
was used. The reference dynamic pressure was computed f o r  each ex- 
perimental condition from the a i r  flow through the combustor, the den- 
s i t y  at the combustor in l e t ,  and the maximum cross-sectional area of 
the combustor housiw. 

I?EX%LTS AND DISCUSSION 

Ignition 

The r e su l t s  of the igni t ion t e s t s  a re  shown i n  figure 6 f o r  the 
J47 .combustor operating with weathered aviation gasoline (fuel tem- 
perature 70' t o  80' F) and with spark plug A. With i n l e t  -air conditions 
t o  the combustor simulating a f l i g h t  speed of 400 miles per hour and 
the engine windmilling at  26.6 p r c e n t  of rated s p e d  (the equilibrium 
windmilling speed f o r  t h i s  f l i g h t  speed), igni t ion was obtained up t o  
and including an a l t i tude  of 40,000 fee t .  The time required f o r  igni- 
t i o n t o  occur increased from 3 seconds at  25,000 fee t  t o  15 seconds at 
35,000 fee t  and t o  45 seconds a t  40,000 fee t .  No igni t ion was obtained 
at  45,000 f e e t  with any fue l  flow applied. The range of f u e l  flows 
over which igni t ion occurred decreased s ignif icant ly as the a l t i tude  
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increased. A t  30,000 fee t  a vmia t ion  of about ~ 1 0  percent from a 
s t a r t ing  fue l -a i r  r a t i o  of approximately 0.015 was possible; whereas 
a t  40,000 f e e t  the allowable variation from t h i s  fuel-air  r a t i o  was 
l e s s  than &2 percent. 

A t  a simulated a l t i tude  s f  30,000 fee t  and a f l i g h t  speed of 
400 miles per hour, sat isfactory ignition was obtained with spark plug A 
a t  windmilling conditions ranging from 12.7 t o  26.6 percent of rated 
engine speed. A t  t h i s  same a l t i t ude  and a f l i g h t  speed of 354 miles 
per hour, igni t ion was sat isfactory at steady-state conditions ranging 
from 26.6 t o  88.6 percent of rated speed. No aifference i n  resu l t s  was  
obtained with the fue l  at room temperature and with the fue l  cooled t o  
a l t i t ude  ambient-air temperature. 

With spark plug B, igni t ion was obtained only u? t o  and including 
30,000 fee t  f o r  conditions simulating equilibrium windmilling at  a 
f l i g h t  speed of 400 miles per hour. With spark plug C, the resu l t s  
were the same as  with plug A; thus the reduced flow of cooling a i r  t o  
the elec3rodes served t o  improve the igni t ion performance of plug C 
over t'hat of plug B. 

Acceleration 

The combustor temperature r i s e  obtained with a slow-throttle ad- 
vance is  shown i n  figure ? as  a function of fue l -a i r  r a t i o  f o r  various 
windmilling and steady-state operating conditions a t  an a l t i tude  of 
50,000 fee t .  For the range of speeds investigated, from 15.2 t o  63.3 
percent of rated engine speed, the maximum obtainable temperature r i s e  
is limited by blow-out. 

I n  order t o  show more c l e a ~ l y  the e f fec t  of increasing engine 
sgieed, values of maximum obtainable temperature r i s e  f o r  both slow- 
and rapid-throttle advance a t  an a l t i tude  of 30,000 f e e t  have been plot-  
ted  i n  figure 8 as a function of engine speed. Maximum-temperature- 
r i s e  values f o r  the slow-throttle advance were taken from the blow-out 
points shown i n  figure 7; values f o r  the rapid-throttle advance were 
obtained from the temperatures at ta ined a f t e r  s tab i l iza t ion  of com- 
bustion. Rapid-throttle advance, a s  previously explained, comisted 
of a 3-second advance of the fue l  t h ro t t l e  t o  the m a x i m  opening pos- 
s ib l e  without resul tant  blow-out; Also shown i n  figure 8 a re  the 
temperature r i s e  required f o r  steady-state operation of the engine a t  
t h i s  a l t i tude  and f l i g h t  speed (as calculated f romthe  curves i n  
f ig .  5(b) ) and the maximum allowable temperature r i s e  based on a l imi t -  
ing turbine-inlet  temperature of 1 7 0 0 ~  F. 
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With the rapid-throttle advance, the maximun obtainable tempera- 
ture  r i s e  increased from 880° F a t  about 32.5 percent of rated speed 
t o  1500° F at  75 percent of rated speed. Further temperature increases 
at  engine speeds above 75 percent of rated speed were prohibited by 
excessive combust or -outlet temperatures. With slow-tbrottle advance, 
a t  conditions simulating stea&y-state engine operation a t  a f l i g h t  
speed of 354 miles per hour, the maximum obtainable temperature r i s e  
increased from 1040' F a t  about 31.5 percent of rated speed t o  1550° F 
a t  about 66.5 percent of rated speed and agifain was limited by the ex- 
cessive combustor-outlet temperatures encountered a t  t'ne higher engine 
speeds. A t  windmilling conditions (26.6 percent of rated engine speed 
and below), the max imum temperature r i s e  tha t  .could be obtained with 
slot?-throttle advance decreased from 1590' F a t  15.2 percent of rated 
speed t o  720' F a t  26.6 percent of rated speed. 

The excess temperature r i s e  available f o r  accelemtion - t ha t  
is, the aifferenoe between the maximum temperature r i s e  obtainable 
and the temperature r i s e  required f o r  steady-state engine operation - 
is  shown i n  figure 9 f o r  both slow- and rapid-throttle advance. The 
sol id  curve with negative slope represents the difference between al-  
lowable temperature r i s e  (based on a limiting turbine-inlet temperature 
of 1 7 0 0 ~  F) and the temperature r i s e  required t o  maintain steady-state 
engine operation. Thus, it is  evident tha t  i n  the low speed range, 
the excess temperature r i s e  available f o r  combustion is limited by the 
a b i l i t y  of the combustor t o  provide temperature r i se ;  whereas at  the 
higher engine speeds the temperature r i s e  available f o r  acceleration 
is limited by the maximum allowable combustor-outlet temperature be- 
cause the combustor i s  capable of producing out let  temperatures ex- 
ceeding 1700° F . The dashed curve i n  figure 9 shows calculated values 
of excess temperature r i s e  available f o r  acceleration at  simulated 
sea-level f l i g h t  conditions, again based on a l imit ing combustor-outlet 
temperature of 1700' F. Low-altitude conditions are favorable f o r  con- 
bustion, and experience has shown tha t  combustor-outlet temperatures i n  
excess of 1 7 0 0 ~  3' can be at ta ined at these conditions. Thus, a t  sea- 
leve l  conditions the temperature r i s e  available fo r  acceleration is 
limited throughout the en t i re  range of engine speeds by the maximum 
allowable turbine-inlet  temperature of 17000 F. 

A comparison of the sea-level and the experimental 30,000-foot 
temperature-rise curves of figure 9 shows t h a t  i n  the law speed range 
the excess temperature r i s e  available f o r  acceleration is much greater  
a t  sea leve l  than a t  a l t i tude ,  a fac tor  tha t  contributes toward the 
lower r a t e  of acceleration encountered a t  a l t i tude .  Another important 
factor ,  of course, is  the decrease i n  air  mass f l a w  r a t e  at  high a l t i -  
tudes while the ine r t i a  of the rotat ing parts remains constant as was 
previously mentioned. 
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Altitude Operational Limits 

The a l t i t ude  o p r a t i o n a l  limits of the 347 cambustor operating 
with weathered aviation gasoline at  a f l i g h t  Mach number of 0.52 are  
presented i n  figure 10. The al t i tude-l imit  curve was established by 
interpolation between data points obtained at two simulated a l t i tudes  
5000 fee t  apart:  one a t  which the required temperature r i s e  was ob- 
tained and one at which it was not obtainable. The manner of in te r -  
polation was based upon observation of the combustor dming the t e s t .  
The determination of the a l t i tude  limits was res t r ic ted  t o  engine ro- 
t a t iona l  speeds between 55 and 85 percent of &ted speed because at  
the low end of the speed range the required low combustor in l e t - a i r  
temperatures were limited by t'ne laboratory f ac i l i t i e s ;  whereas a t  the 
high end of the speed range the a b i l i t y  of the themocouples t o  with- 
stand the high combustor-outlet temperatures required was the r e s t r i c t -  
ing factor.  Figure 10 shows t h a t  the a l t i tude  operational limits in-  
creased from 51,500 fee t  at  55 percent of rated engine speed t o  
64,550 fee t  a t  85 percent of rated speed. With the slow-throttle ad- 
vance used i n  t h i s  phase of the investigation, no flame blow-out was 
encountered. 

Combustion Efficiency 

Combustion eff ic iencies  obtained with the 547 combustor operated 
a t  various simulated a l t i tudes  and engine s-peeds with room-temperature 
weathered aviation gasoline a re  shown i n  figure 10. The combustion 
eff ic iencies  varied from 39.0 t o  92.6 percent at  the conditions in- 
vestigated and followed the general trend8 typica l  of gas-turbine 
combustors, decreasing with a decrease i n  engine speed and with an in- 
crease i n  a l t i t ude  . The constant combustion-eff iciency l ines  shqwn i n  
f igure 10 were obtained by interpolation between the values of e f f i -  
ciency obtained a t  the t e s t  points. Operation of the combustor with 
fue l  a t  a l t i tude  aaibient-air temperature resulted i n  random variations 
i n  combustion efficiency of 0 t o  about 2 percent from those shown i n  
figure 10; thus, f o r  the conditions investigated, fue l  temperature had 
l i t t l e  e f fec t  on combustion efficiency. 

A comparison of the combustion eff ic iencies  obtained with 
MIL-F-5616 fuel ,  the design fue l  f o r  the 547 engine, and with weathered 
aviation gasoline at  various engine speeds and at a l t i tudes  of 30,000 
and 40,000 f e e t  is shown in  figure 11. A t  both a l t i tudes  and at rated 
engine speed, combustion eff ic iencies  obtained with MIL-F-5616 fue l  
were about 8 percent higher than those obtained with weathered aviation 
gasoline; at  55 p e r c e n h f  rated engine speed, however, operation with 
MIL-F-5616 fue l  resulted i n  a decrease of about 14 percent i n  combustion 
efficiency. 
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Pressure Loss 

The total-pressure loss  across the combustor is sho~m i n  figure 12. 
The r a t i o  of the total-pressure lo s s  t o  a reference dynehmric pressure 
AT/* is plotted against the r a t i o  of the in l e t - a i r  density t o  the 
exhaust -gas density p1/p2 and a s t raight- l ine correlation was obtained. 
Figure 12 indicates tha t  the total-pressure lo s s  r a t i o  increased from 
12.3 t o  about 16.1 as the density r a t i o  increased from 1 t o  2.6. 

SUMMARY OF RESULTS 

From an investigation of the ignition, acceleration, and steady- 
s-tate operational character is t ics  of a single combustor of a 547 engine 
using weathered aviation gasoline with opposite-polarity spark plugs 
a% simulated f l i g h t  conditions, the following resu l t s  were obtained: 

1. With combustor i n l e t  -air conditions simulating equilibrium 
windmilling a t  a f l i g h t  speed of 400 miles per hour, sat isfactory ig-  
n i t ion  was obtained with spark plug A up t o  and including 40,000 fee t .  
No s ignif icant  e f fec t  of fue l  temperature on ignition was observed 
over the range of fue l  temperatures investigated. 

2. A t  a simnlated a l t i tude  of 30,000 fee t ,  sat isfactory igni t ion 
was obtained with spark plug A over a speed range from 12.7 t o  26.6 per- 
cent of rated engine speed, representing windmilling conditions, and 
over a range Prom 31.8 t o  88.6 percent of rated speed, representing 
steady-state operation of the cambustor. 

3. The a l t i t ude  igni t ion limit of the oombustor was signif icant ly 
increased by a reduction i n  the quantity of oooling air supplied through 
the electrodes of the experimental spark plug (plug B)  furnished by 
the mnuf acturer  . 

4. A t  an a l t i t ude  of 30,000 fee t ,  the excess temperature r i s e  
available f o r  acceleration a t  low engine speeds was limited by the 
a b i l i t y  of the oombustor t o  produce temperature r i se ,  whereas a t  high 
engine speeds the maxirnun allowable turbine-inlet  temperature was the  
r e s t r i c t ing  factor .  

5. The a l t i t ude  operational limits increased from about 51,500 f e e t  
a t  55 percent of rated engine speed t o  about 64,500 f e e t  at 85 percent 
of rated speed. 

6. The combustion eff ic iencies  varied from 39.0 t o  92,6 percent, 
decreasing with a decrease i n  engine speed and with an increase i n  
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a l t i tude .  Higher eff ic iencies  would have been obtained i f  lower al- 
t i tudes  had been investigated. no significant e f fec t  of fue l  tempera- 
ture  on combustion efficiency was observed over the range of fue l  
temperature investigated (80' t o  -52' F). 

7. A t  a l t i tudes  of 30,000 and 40,000 f e e t  the combustion e f f i c i -  
encies obtained with MIZ-F-5616 f u e l  were about 8 percent higher a t  
rated engine speed and 14 percent lower at  55 percent of rated speed 
than those obtained with weathered aviation gasoline. 

8. The pressure-loss r a t i o  increased from 12.3 t o  16.1 when the 
density r a t i o  was raised from 1 t o  2.6. 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Cleveland, Ohio, September 22, 1950. 

W i l l i a m  2 .  Cook, 
Aeronautical Research 

Scient let  . 

Helmut F. Butze, 
Aeronautical Research 

Scient is t .  

Approved : 
J . Howard Child8 , 

Aeronautical Research 
Scient is t .  

Walter T.  Olson, 
Aeronautical Research 

Scient is t .  

CONFIDENTIAL 



NACA RM SE50J12 COIlFlDENTIAL 

APPENDIX - C A L C W I O N  OF COMBUSTOR OPERATING CONDITIONS 
Symbols 

The following symbols are  used i n  the oalculations: 

Mach number 

engine rotat ional  speed 

absolute t o t a l  pressure 

absolute s t a t i c  pressure 

absolute t o t a l  temperature 

absolute s t a t i c  temperature 

t rue f l i g h t  speed 

mass a i r  flow per uni t  time through conpressor 

specific-heat r a t i o  f o r  air 

t o t a l  pressure divided by standard sea-level pressure 

t o t a l  temperature divided by standard sea-level temperature 

Subscripts : 

0 engine i n l e t  (ambient conditions) 

1 compressor i n l e t  

2 combustor i n l e t  (compressor out let)  

3 combustor out let  

') z 
two different  englne operating conditions 

S .L. sea level  
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Combustor-Inlet Conditionrj with Engine Windmilling 

I n  order t o  obtain cmbustor operating data at transitory engine 
rotational speeds that would be enoountered during the opening of the 
intake gates (closed during nonoperation) of an auxiliary f l igh t  turbo- 
jet  installation, corrections were applied t o  engine equilibrium wind- 
milling data as shown i n  the following discussion. 

A i r  flow. - I n  general, the mass flow of a i r  through a compressor 
is given by 

wliere the subscripts y and z represent two different engine oper- 
ating conditions. It can also be shown tbt 

If no e x t e r n a l  heat is  added t o  the air dur iw i t e  passage through the 
engine in le t  diffuser, 

Aleo, as i n  equation (2) 

If the velocity of the a i r  leaving the diffuser and entering the com- 
pressor i a  assumed t o  be zero (approximate only), 

From the preceding equations, 
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Thus, 

If both operating conditions are  assuned t o  be fox engine operation at  
the same a l t i tude ,  

and 

For an assumed diffuser  efficiency of 100 percent, 

P1 = Po 

Substituting from equation (9) and assuming the diffusion process is  
isentropic, 

S ibs t i tu t ing  equat'ion (4) in to  equation (10) 

CONFIDENTIAL 
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Thus 

CONFIDENTIAL 

applying the same assumptions as applied t o  equa-ikon (8) 

and 

Substitutine; equations (8) and (13) in to  equation (1) yields 

Available operating data included the equilibrium windmilling speeds 
of the J47 turbojet  engine a t v a r i o u s  f l i g h t  speeds and the mass a i r -  
flow ra te  through the engine a t  equilibrium windmllling speeds from 
1000 t o  2100 rpm. Application of these data t o  equation (14) enabled 
the calculation of mass a i r  flows a t  a f l i g h t  speed of 400 miles per 
hour a t  engine rotat ional  speeds other than the equilibrium windmilling 
speed. 

I n l e t  pressure. - I n  addition t o  equilibrium windnilling speeds a t  
various f l i g h t  speeds, the operating data of the 547 turboJet engine 
a l s o  included the combustor-inlet t o t a l  pressures at  various equilibrium 
windmilling speeds. I n  order t o  determine combustor-inlet t o t a l  
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pressures at  rotat ional  speeds encountered during the opening of the 
intake gates ( that  is, t ransi tory windmilling speeds l e s s  than, the 
equilibrium windmilling speed corresponding t o  the part icular  f l i g h t  
speed), the data were corrected as subsequently shown. Assumed ger- 
f ormance data are  : 

A t  the same rotat ional  speed a t  different  f l i g h t  speeds, 

Subtracting equatioa (15) from equation (16) yields 

Assuming tha t  the diffuser  efficiency is 100 percent and the velocity 
of the a i r  leaving the diffuser  is approximately zero, 

By subst i tut ion i n  equation (17), 

- 
)v,,N, - ( P 2 ) ~ Z , ~ ,  v~ z + po (ram r a t i o  - ram r a t i o  ) 
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Thus, i f  the combustor-inlet t o t a l  pressure is  known f o r  an equilibrium 
windmilling speed a t  one f l igh t  speed, the i n l e t  t o t a l  pressure can be 
calculated f o r  the same windmilling speed a t  another f l i gh t  speed. 

- The t o t a l  temperatures of the air a t  the 
combustor i n l e t  f o r  various engine windmilling speeds a t  a l t i tude  con- 
di t ions were determined by addition of a small temperature r i s e  (3O t o  
20° B) caused by windmilling of the engine (altitude-wind-tunnel r e -  
search) t o  tlie t o t a l  temperatures of the air at the conaprensor i n l e t  
(equations (3) and (4)),  

Combustor-Inlet Conditions f o r  Nomnal Operation 

Combustor operating conditions during normal engine operation a t  
a l t i t ude  were obtained by adJusting the data from an investigation of 
a complete engine operated a t  a simulated Mach number of 0.52, The 
following values were plotted (f  is, 5(b) ) against percentage corrected 
rated engine speed: T ~ / T ~ ,  T ~ . / T ~ ,  wafi/6, and P ~ / L  These values 

were then reduced t o  the uncorrected values at  the various a l t i tudes  
by appropriate treatment with 6, 8, or To, and replotted, A 
working plot of the uncorrected values is  not included i n  t h i s  report ,  
Engine-inlet temperature To i s  given by equation (4), and 6 a,nd 
8 were determined as 
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TABLE I - UTALYSIS OF FUELS USED 

A.S ,T ,Me d i s t i l l a t i o n  
D 86-46, OF 

I n i t i a l  boiling point 

Percentage evaporated 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Final boiling point, 
OF 

Reid vapor pressure, 
lb/sq i n ,  

Specific gravity a t  
60° ~/60O F 

Net heatihg val-ue , 
~ t u / l b  

KtL -2'-5572 
grade 11-5/145 
weathered) 
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Figure 1. - Single J47  combustor in  t e s t  setup. 
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Linked regulating Manually operated Thin-plate 
but terf ly  valves but terf ly  valve 

Water-cooled 
but te r f ly  valve 

Exha us t 
Figure 2. - Diagrammatic sketch of J47 combustor t e s t  setup. 
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Figure 5. - 547 combustor operating conditions. Data calculated from NACA altitude-wind-tunnel investigation (reference 7) by method 
given in appendix. 



Corrected engine speed, percent rated 

(b) With burning; flight Mach number, 0.52. 

Figure 5. - Concluded. 547 combustor operating conditions. Data calculated from NACA altitude-wind-tunnel investigation (reference 7) by method given 
in appendix. 
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Figure 6. - Altitude-ignition trials with fuel MIL-F-5572, grade 115/145 
(weathered). 
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Fuel-air ratio 

(a) Flight speed 400 miles per hour and engine windmilling 
at speeds up to 26.6 percent of rated speed (equilibrium 
windmill speed at 400 mph) . 

Figure 7. - Temperature rise obtainable with various fuel-air 
ratios in 547 single combustor at conditions simulating 
altitude of 30,000 feet. Fuel, MIL-F-5572, grade 115/145 
(weathered). 



NACA R4 SE50J12 CONFIDENTIAL 

(b) Engine speeds of 25.3 percent rated and higher; flight speed, 354 miles per hour. 

Figure 7. - Concluded. Temperature rise obtainable with various fuel-air ratios in 
547 single combustor at conditions simulating altitude of 30,000 feet. .Fuel, 
MIL-F-5572, grade 115/145 (weathered). 



Figure 8. - Values of temperature r i se  required and obtainable i n  547 single combwtor over range 
of engine speeds a t  conditions sirmilating alt i tude a t  30,000 feet. Fuel, MIL-F-5572, grade 
115/145 (weathered). 
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throt t le  advance a t  simulated windmilling 
conditions 
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throt t le  advance 
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without flame blow-out 
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Throttle advance 

0 Slow 
0 3-second 

1 I 

30 40 50 60 70 80 90 100 
Engine speed, percent rated 

Figure 9. - Excess temperature rise available for engine acceleration: 
maximum obtainable temperature rise ( 4 ~ ~ )  minus temperature rise 

required for operation C AT,,^). 547 single combustor; inel, 
MIL-F-5572, grade 1151145 (weathered); flight Mach nmber, 0.52. 
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Engine speed, percent rated 

Figure 10. - Combustion efficiencies and altitude operating limits of 547 
single combustor at various engine speeds and altitudes. Fuel, MIL-F-5572, 
grade 1151145 (weathered) ; flight Mach rmnber, 0.52. 
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Figure 11. - Combustion efficiency of 547 single 
combustor with ~1~-~-5616 and MIL-F-5572, grade 
115/145 (weathered) fuels at 30,000- and 40,000- 
foot altitudes and various engine speeds. Flight 
Mach number, 0.52. 
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