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SUMMllRY 

7 Investigations of pure gaseous f u e b ,  f i v e  hydrocarbons and one 3 oxygenated  hydrocarbon, were conducted i n  a single  tubular-type conbus- 

tor i n   o rde r   t o  determine possible re lat ions between  conibustor  performance 
and fuel properties. The fuels tested were propane, ethane,  ethylene, 
acetylene,  1,3-but&iene, and ethylene oxide. Conibustor temperature rise 

heat-input and a t r - f l o w  rates at two inlet-air   totaLpressure  conditions 
and one inlet-air  total.  temperature. Data were obtained  with two fue l -  
injector  configurations. Combustor blow-out limits were obtained  for 
some of the fuels over the range of te8.f; conditions. 

r 

Y and conkustion  efficLency w e r e  determined fo r  each fuel over a range of 

A t  the  more severe  operating  conditions  investigated,  the data in- 
dicated  an  increase  in combustion efficiency  with an  increase i n  maxim 
burning  velocity,  an  increase  in  flmmability range, and a decrease i n  
minim  spark- igni t ion energy. The fue l s  that exhibited  the  highest 
combustion eff ic iencies ,   in   general ,  were ethylene  oxide and acetylene; 
while  those  exhibiting  the  lowest combustion eff ic iencies  were propane 
and ethane.  Gaseous-fuel  penetration.and  distribution  in the primary 
canibustion zone markedly a l te red  combustion efficiencies;  when fuel- 
injector  capacity was varied,  higher  efficiencies were generally  obtained 
with a smaller -capacity fuel injector.  

INTRODUCTION - Research is being  conducted at the NACA Lewis laboratory  to  obtain 
information on the   re la t ive   e f fec ts  of such factors  as fuel-spray evap- 
oration,  turbulent-flame  spreading, and chemical-reaction rate on the 
performance of turbojet  conibustors. Par t  of this   research is  designed 
t o  provide  information on the conibugtion character is t ics  of pure  liquid 
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and gaseous fuels and, parrticularly, t o  determine  whether combustor per- 
formance can be related  to   physical   or  fundamental combustion properties 3 
Of these fuels Or b&h. . . . -. . . .. . "  

The present  investigation is t h e   f i n a l  phase of a  three-phase pro- .. . 

gram on the performance of pure  fuels  in a  single J33 cmibustor. I n  the 
first phase of this program (ref. l), conibustor performance was deter- 
mined with  f ive  l iquid hydrocarbon fuels ,  which represent a range of 
physical and fundamental combustion properties. The data indicated  an 
approximately  linear  increase in temperature r i s e  and  canibustion e f f i -  
ciency at constant  heat  input.  with  increase  .in maximum burning  velocity. 
However, the  .range of fuel  properties  considered was too small to   es tab-  
l i s h  a  conclusive  correlation.  Accordingly, a second investigation 
(ref. 2)  was conducted  with 13 l iquid hydrocarbon and nonhydrocarbon 
fue ls  having a wider  range of physical and fundamental combustion prop- 
e r t i e s .  An approximate corre@tion w a s  obtained between  combustion eff i -  

ciency at a constant  heat  input and the parameter n/h1/3, where r+ 

is  the maximum burning velocity and is  the  latent  heat af vaporiza- 
t i on   a t   t he  normal boiling  point. 

. .  
- 
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The results  reported-in  reference 2 suggest that   the  rate-controll ing 
process changes with  fuel  properties.  For example, the combustion rate 
of a law-flame-speed fuel might be llmfted by i ts  flame  speed; whereae P 
the combustion rate..of a high-flare-8pee.d f w l  might be- limited by its 
vaporization  characteristics., For gaseous fuels, where the  vaporization 
step is  eliminated,  the  results of reference 2 suggest  that the ef fec t  
of f u e l  type on combustion efficiency might be t reated  solely  in  terms 
of m a x i m  burning-velocity.  Accordingly,  the  present and f i n a l  phase 
of the program on the performance of pure fuels i n  a single J33 combustor 
w a s  conducted  with  gaseous  fuels. 

- .,. -. 

The conibustion performanceE of propane,  ethane,  ethylene,  acetylene, 
1,3-butadiene, and ethylene  oxide were investigated  over a range of air- 
flow  and  fuel-flow ra t e s  .and at. two inle.t,a.ir- pressures (14.3 and 8.0 
in. Hg a b ) .  The inlet-air  temperature was held  constant at approximately 
200° F. The ef fec t  of fuel-air dis t r ibut ion and mixing on combustor per- 
formance was investlgated  by  using two different  modlfied commercial 
nozzles. 

.- 

" 

The performances of the  fuels   are  compared  on the basis of codms- 
t ion   e f f ic iency   a t  -a heat-input value of 200 Btu per pound of a i r .  The 
ef fec t  of physical  properties on combustor performance uaa minimized 
t o  some degree  by  using  gaseous fuels; consequently,  the  vsriations i n  
performance were considered  only i n  terms of fundamental combustion . . .. 

properties of the fuels.  The fundamental c . ~ . ~ ~ t F o n . p r o p e r t i e s  examined 
for  possible  relat.ions with performance a.re..spontaneous-ignition temper- 
ature,  minimum spark-ignition  energy, fLammability  range, and maximum 
burning  velocity. The r e su l t s  are compared with those  obtained  in  ref- 
erences 1 and 2. 
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Fundamental corribustion properties of the six gaseous fuels used i n  
the  investigation  me summarized in   t ab le  I. Puri ty   values   l is ted  in  
the  table were obtained  from the supplier. 

APPARATLJs AND rNsTRmNTA!r10w 
0 4  
(1, 

W 
W With the exception of the fuel system and f u e l  nozzle,  the  apparatus 

and instrumentation used in   this   invest igat ion were the same as those  in 
reference 2. 

A diagram of the,  general arrangement of the single J33 combustor 
4! 
0 

P 

and the  auxi l iary equipment i s  shown i n  figure 1. Air flow t o  the com- 

t o  A.S.M.E. speciftcations and located upstream of all regulating  valves. 
The combustor inlet-air   f low rate and pressure were regulated  by  remte- 

a i r   suppl ied   to   the   codus tor  had a dew point of e i ther  -200 or -70° F. 

Ld bustor was measured by a square-edge orif  ice  plate  Installed  according 

J" u controlled  valves  in  the  laboratory  air-supply and exhaust system. The 

c 
A diagrammatic cross  section showing the combustor and its auxi l iery 

ducting,  the  position of the  instrumentation  planes, and the  location of 

planes is  presented  in  figure 2. Thermocouples and total-pressure  tubes 
i n  each  instrumentation  plane were located at centers of equal  annular 
mea.  Construction  details of the temperature- and pressure-measuring 
instruments are shown i n  figure 3. 

w temperature- and pressure-measuring  instruments in  the  instrumentation 

The f u e l  system used in  the  present  investigation is i l l u s t r a t ed  
schematically i n  figure 4. The gaseous fuels were drawn from cylinders, 
through a reducing-valve and a steam-fed heat kxchanger into the conibus- 
tor .  For tests  with  ethylene  oxide, the reducing valve w a s  replaced  by 
a f ine-mesh-screen f lash-back  arrester. A water  -trap f lash-back -ester 
was placed downstream of the reducing  valve for tests with  acetylene. 

Fuel-f l o w  rates t o   t h e  combustor were measured by  rotameters. The 
rotameters were calibrated  with air at  temperature and pressure  condi- 
tions  that  provided densities approximately the same as those of the 
test  fuels at the test conditions.  Appropriate  density  corrections were 
then  appl ied  to   the  rotamter  measurements. 

Two fuel-nozzle-injector  configurations were. used t o  obtain a vari- 
a t ion  in   injector   character is t ics .  The swirl par t s  were  removed from a 
comznercial hollow-cone swirl-type  nozzle.  Six  equally  spaced  holes were 
drilled at  an awle OG from the axis of the nozzle  (see the following 
i l lus t ra t ion) .  The normal discharge  orifice (0.016-in. d im. )  was not 
altered. 

* 
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The variations  in  injector  design were as 
. . 

. . . . . . - . 
Configuration 1 small-capacity  nozzle) 
Configuration 2 Wge-capacity  nozzle) 

PRmm 
The performances of the six gaseous fue ls  were determined at the 

following  co&ustor operating conditions: 
Y 

In le t   -a i r  

-/see in. Hg abs 
mass flow, to ta l   p ressure ,  
Inlet -a i r  

14.3 Q. 6 
.8 
1.0 
1.3 

8.0 0.36 . 56 
.73 

In l e t  -air 
t o t a l  temperature, 

OF 

200 

200 

.. . .. " _  - c " 

velocity, 
f t /seca 

17 0 

130 
17 0 

" 

aBased on combustor maxim cross-sectional  area of 0.267 

sq ft measured 12$ inches downstream of section B-B 

(fig. 2). r 

The procedures for  establishing  test   conditions and recording  data 
were . identical   to  those  described i n  reference 2. Reproducibility of a 
the  data was determined from occasional  tests with propane and the small- 
capacity fuel nozzle.  Tests  with  1,3-butadiene were l imited because of 
the small quan t i ty  of t h i s  fuel available. " .  . . "  
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Combustor Temperature Rise 

The combustor temperature rise was determined as the increase in 
gas  temperature  from  section B-B t o  C-C (fig. 2). The temperature a t  
B-B w a s  the average  Indication of the two iron-constantan  thermocouples; 
the  temperature at C-C was the  arithmetic average indication of the 16 
chromel-alumel  thermocouples. The indicated  thermocoqle  readings were 
taken as t rue  values  of the t o t a l  temperature. 

Combust ion EPf iciency 

Combustion efficiency w a s  defined as 

Actual  enthalpy r ise   across  conibustor 
(Fuel-air  ratio) (Lower heating  value of fue l )  

The equations and charts of reference 3 were used to   ca lcu la te  combustion 
eff ic iencies   for  the hydrocarbon fuels. The combustion efficiency for 

oxygenated-hydrocarbon fuels in   reference 2. 
c ethylene  oxide was calculated by using the  procedure  presented  for 

I 

FBSULTS 

Conibustor peflormance data fo r   t he   s ix  gaseous fuels obtained i n  a 
single J33 combustor are presented  in table 11. I n  order to place  the 

(product of fuel-air r a t i o  and lower heat of combustion of the fue l )  w a s  
used in place of fuel-air r a t i o  as one independent variable. Relations 
among heat Lnput, c d u s t o r  teqperature  r ise , and combustion efficiency 
fo r  each of the fuels ase shown in   f igures  5 t o  10. The curves of con- 
s tan t  combustion efficiency were calculated for  each fuel .  Combustor 
blow-out points are also shown in these figures. 

. performances of. the var ious  fue ls  on a comparable basis , heat Input 

The reproducibil i ty of the test data is indicated  in  f igures  5(a) 
and (b). Conibustor performance data were obtained  periodically with 
propane f u e l  over a period of f i ve  months, during which time the com- 
bustor w a s  disassembled and cleaned  several times. The average percent- 
age deviation of the combustion efficiency of individual data points 
from the' curves faired through all the data w a s  about &l percent; the 

than 2 percent among fuels may generally be considered as real d i f fe r -  
ences, while differences less than 2 percent f a l l  within the reproduci- 

obtained,  although comparable data obtained  over a period of time varied 
t o  some degree. 

I maximLllIL deviation was about 4 percent. Accordingly, differences greater 

b b i l i t y  range. Blow-out data could  be checked closely at the time 
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The h t a  of f igures 5 t o  10 show, in  general, a progressive  increase 
i n  temperature rise  with  heat  input up t o   t h e  rich blow-out point  or 
f ac i l i t y   l imi t ing   po in t s .  However, rich-hlov-out  points  for propane 
(fig. 5), ethane  (fig. 6), and 1,3-butadiene  (fig. 7 )  sometimes occurred 
at a heat  input  higher  than  that  required  for maximum terqperature r i se .  
Heat input   a t   r i ch  blow-out decreased, i n  general,  with  increase  in 
inlet-air mass-flow r8tes and with 'decrease In iulet -a i r   to ta l   pressures .  
Rich-blow-out points were not  obtained fo r  sone of the fuels because of 
1imi.tations imposed by   the   fac i l i t i es .  These points and the  rich-blow- 
out  points  determined are indicated  by  assigned symbols. 

Maximum temperature  rise usually increased with an increase i n  inlet- 
air to ta l   p ressure  and a decrease i n   i n l e t - a i r  mass-flow ra te .  For a 
given fuel, the maximum temperature rlse  obtained  with  the  small-capacity 
fuel  nozzle was generally  greater  than that obtained with the  large- 
capacity  fuel  nozzle. The highest confinstor-temperature-rfse value, 
about 2O0O0 F, which  i--re-sents an instrumentation limit, was obtained 
with ethylene and acetylene. 

Combustion effkiencies   increased,  i n  general,  with  increase  in 
in le t -a i r   to ta l   p ressure  and with  decrease in   i n l e t - a i r  mass-flow ra tes  
fo r  all the fuels t e s t ed  i n  this  investigation.  Representative combudtlon- 
efficiency data, which illustrate the  effect  of fuel-injector  configura- 
t i o n  and heat  input on conibustion efficiency,  are  presented  for one 
inlet -a i r   reference  veloci ty  and  two inlet-air  total-pressure  conditione 
in   f igure  11. The curves, which are presented  for  ethane,  ethylene  oxide, 
and acetylene, show the  tendency toward  lower  conibustion efficiencFes 
w i t h  use of the  Large-capacity fuel injector.  The me exception waa 
ethylene  oxide. For this fuel the  small-capacity fuel injector  tended 
t o  give lower  combustion efficiencies.   In  f igure 11, combustion e f f i -  
ciency  passes  through a sharp maximum with  increase  in  heat  input  for 
ethane w i t h  the  small-capacity  fuel  injector  at   the hi-& inlet-air t o t a l -  
pressure  condition,  but  the  curve remains re la t ive ly  flat for  acetylene. 
The performance of propane w a s  similar t o  that of ethane,  while  the  per- 
formances of the remaining fue ls  were similar t o  t h a t  of acetylene. The 
spread i n  codust ion  eff ic iency among fuels  increased a6 the  severity of 
the  test  conditions  increased. 

The objective of the investigation  reported  herein is t o   r e l a t e   t h e  
combustion performances of the various fuels t o  fundamental  cordmstion 
character is t ics  of the  fuels .  One representative cojnbustioq  performance 
parameter, combustion e f f ic iency   a t  a heat-input value of 200 Btu per 
pound of air, was chosen for  making comparisons among the fuels. The 
heat-input  value  of. 200 Btu per pound of air waa the maximum heat-input 
value at which data were available f o r  a l l  fuels. 

t 

0, rn 
Q) 
M 
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Comparison of Combustion Efficiencies of Gaseous Fuels 
z 

In figure 12, conibustion efficiency at a heat-input  value of 200 
Btu per pound of air is plotted  against a i r - f l o w  rate fo r  each fuel. 
Data are presented f o r  two inlet-air total   pressures  (8.0 and 14.3 in. 
Hg abs) and fo r  two fuel-injector  configurations. A t  low in le t -a i r  mass- 
flow rates the combustion eff ic iencies  of all the   fuels   are   high,   in  moBt 
cases 90 percent  or greater. Thus, differences  in the fundamental com- 
bustion  properties of the test f u z b   a r e  of negligible importance at t h i s  w 

CD 
(x, condition. An increase i n   i n l e t - a i r  mass-flaw rate and, consequently, 
W air velocity  resulted i n  a decrease i n  combustion efficiency. and an in-  

crease  in the var ia t ion   in  combustion efficiency  with  fuel  type.  The 
high-performance fuels (ethylene  oxide and acetylene) were less affected 
by changes i n  in le t -a i r  mass-flow rates than  the  other  fuels. A t  severe 
operating conditlons  the fuels that  exhibited  the  lowest combustion ef- 
ficiencies,   in  general ,  were propane and ethane,  while  those  that  exhibited 
the  highest colnbustion eff ic iencies  were ethylene  oxide and acetylene. 
The difference between ethane and ethylene  oxide was approximately 46 
percent at the low in le t -a i r   to ta l   p ressure  and with the large-capacity 
fuel nozzle and a high inlet-air mass flow rate. In  figure 12 it m y  be 
seen that the performance order of the   fue ls  changed with  operating con- 
d i t ions ;  consequently, no single correlation between  combustion efficiency 
and fuel   propert ies  would be effective  over  the  entire conibustor operating 
range. - . .  

The tests with  different   fuel   in jectors  showed tha t  changes i n   t h e  
fuel-dis t r ibut ion  pat terns   in  the conbustor  altered  not  only  the conibue- 
t ion  eff ic iency of the co&ustor but also the  magnitude of the  efficiency 
differences between the fuels. A t  the  same fuel-flow r a t e ,  the small- 
capacity fuel injector  with i t s  wider cone angle and higher pressure drop 
may have dis t r ibuted the gaseous f u e l   t a  form the more  homogeneous fuel- 
air mixture pa t te rn   in   the  prFmary combustion zone tha t   resu l ted   in   the  
higher combustion eff ic iencies  observed. 

Comparison of Codustion  Efficiency  with 

Fundamental Conibustion Properties 

Some fundamental comkustion prapert ies  of fue l s  that may af fec t  
combustor performance axe spontaneous-ignition temperature, flammability 
range, minimum spazk-ignition energy, and maximum burning  velocity. An 

i n  minimum ignition  energy o r  spontaneous-ignition  temperature might be 
expected t o  effect  increases.  in  the rate of the combustion process. The 

pound of air with  fundamental conibustion properties of the gaseous fuels 
is shown in   f igure  13. M i n i m  spmk-ignition-energy data were estimated 

% increase  in  flammability  range or maximum burning  velocity,  or a decrease 

J varriation i n  combustion efficiency at a heat-input value of 200 Btu per 
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from the curves of reference 4 at  the  pressures used i n   t h e  conibuetor 
tests. Data are  presented  for two i n l e t - a i r   t o t a l  pres.sures (8.0 and 
14.3 in.  Hg abs) ,  one in le t -a i r  temper-ature (2000 F ) ,  one in l e t - a i r  
reference  velocity (170 f t /sec) ,  and two fuel-injector  configurations. 
The data indicate  an  increase  in combustion efficiency  with an increase 
i n  maximum burning  velocity  (figs. 13 (a> and (b) 1, a decrease i n  minimum 
spark-ignition  energy  (figs.  13(a) and (b) 1, and an increase  in f lamma- 
b i l i t y  range  (figs.  13(c) and (d)). There is no sat isfactory  re la t ion 
between spontaneoua_ignition  temperature and conibustion efficiency  (figs.  
13 (c) and (a) ) , although a s l ight   t rend toward a decrease i n  combustion 
efficiency w i t h  increase  in  spontaneous-ignition  temperature is noted. m 

E 
In  reference8 1 and 2, s i m i l a r  combustion  performance data were . 

obtained with l iquid hytirocarbon  and  nonhydrocarbon fuels i n   t h e  same 
combustor but  with a different  fuel  injector.   In  reference 1, there w a e  
some evidence of a re la t ion  between  combustion  performance of l iquid 
hydrocarbon fue l s  and maximum burning  velocity. No well-defined  relation 
between  combustion  performance and minimum spark-ignition  energy w a s  in- 
dicated,  although  there w a a  a quali tative  trend toward increasing cor6b1.1~- 
tion  efficiency  with  decreasing minimum spark-ignition energy. Similarr 
r e su l t s  are reported  for   l iquid hydrocarbon and nonhydrocarbon fuel8 i n  1 

reference 2. That is, of the fundamental conibustion properties  consid- 
ered, maximum burning  velocity  provided  the  best  correlation with com- 
bustion performance.  Since minimum spark-ignition  energy  has been 
r e l a t e d   t o  maximum burning  velocity (refs. 4 and S), re lat ions similar 
t o  those  established w i t h  maximum burning  velocity would be expected. 
The fact that, generally more satisfactory  correlatione have been  observed 
with maximum burning  velocity may be attr ibuted  to  the  greater  inherent 
errors  associated with obtaining min~um-sparrk- igni t ion-ener~ data. 

a -  

Comparisons of the  var ia t ion  in  combustion ef'ficiency  with m a x i m u m  
burning  velocity  for  the gaseous and l iquid hydrocarbon  and nonhydro- 
carbon fue ls   for   the  8- operating  conditions  amyresented  in  f igure 
14. The so l id  curve is faired through a l l  the  l iquid-fuel data from 
references 1 a d  2, while  the  broken  curves acre faired  through all the  
gaseous-fuel data obtained  in  this  investigation. Combustion efficienciea 
from references 1 and 2 were obtained at a heat-input  value of 200 g tu  
per pound of air. Combustion efficiencies  for  both  the  l iquid and the - 
gaseous fuels increased  with an increase  in maximum burning velocity at 
Severe  co.nditions. A t  a given  value of maximum burning  velocity,  the 
combustion efficiency  obtained w i t h  a gaseous f u e l  was, i n  general, 
appreciably  higher  than that obtained  with a l iquid  fuel .  The improve- 
ment i n  combustion efficiency, with the use of gaseous fue ls  might be * 
at t r ibuted,  at least .   par t ly ,  t o  the elimination of the  fuel-vaporization 
step. The influence of the  fuel-vaporization  step on the  over-all  com- 
bustion  process is also  indicated  by  the  correlation  obtained  with  liquid L -  

fuels in  reference 2 i n  which an improved correlation was obtained by 
considering  both maximum burning  velocity and la tent   heat  of vaporization. 
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Since conibustian efficiencies of the gaseous fuels  were affected by 
changes in  fuel-injector  configurations,   the  differences  in performance 
of the  l iquid and gaseous fue ls  cannot be   a t t r ibu ted   so le ly   to   the  elim- 
ination of the fuel-vaporization  step. The effectiveness of mixing 
apparently m u s t  a l s o  be  considered. 

The following results were obtained from an  investigation of the 
e f fec ts  of fundamental combustfon properties of six pure  gaseous  fuels 
on the performance of a single tubular conibustor. 

1. A t  sevme operating  conditions,  the data indicated an increase 
i n  combustion efficiency w i t h  an increase in maxirmun burning velocity 
and flammability  range and a decrease i n  minimum spark-ignition energy. 
The fuels exhibiting  the  highest performance were ethylene oxide and 
acetylene,  while the fuels d i b i t i n g   t h e  lowest performances were pro- 
pane and ethane. 

2. An increase in inlet-& mass-flow rate or decrease i n  inlet-air 
pressure  generally  decreased combustion efficiency and increased differ- 
ences i n  combustion eff ic iencies  among the  fuels. 

3. The  combus-Lion eff icienciee  obtained w i t h  a sd l l e r - capac i ty  
fue l   in jec tor  were higher,  in  general,  than  those  obtained  with a larger- 
capacity fuel i n  Sector. 

4. Combustion efficiencies  obtained  with  the gaseous fuels were 
generally  higher  than  those  obtained w i t h  l iquid fuels i n  a previous 
investigation at the same codustor  aperating  conditions. 

L e w i s  Flight  Propulsion  Laboratory 
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TABLE I. - FUMDAMENTAL COMBTJSTION PR(SPERTIES OF GASEOUS FUEIS 

Fuel. 
r 

- 
Propane 

Ethane 

Ethylene 

Acetylene 

1,3-Buta- 
diene 

Ethylene 
oxide 

Estimate? 

percent 
purity, 

99.8 

95.0 

95.0 

100 

98.0 

99.5 

Lower 
heat of 
C O I r b U s -  

Btu/lb 
t ion J 

'19,929 

'20,416 

'20,276 

*20,734 

g19 , 180 

h l l  , 748 

Minimum 
ignition 
energy, 
joules 

(a 1 

2.50~10" 

2.40 

1.24 

0.51 

1.60 

0.87 

Spontaneous 
ignit ion 
temperature 
i n  air, 

OF 
Cb 1 

. -  

920 

882 

914 

581 

7 84 

804 

Flamma- 
b i l i t y  
range, 
percent 
Btoichio- 
me tr IC, 
(rich 
&nus 
Lean) 

(c 1 
174.3 

165.0 

440.9 

633.0 

255.0 

997.2 

&Refs. 4 and 5. 

bRef .  6. 

'Ref. 7. 

dRef.  8. 

eRef .  9. 

f D a t a  from ref .  10 corrected by a factor  from ref. 9. 

gRef.  U. 

hRef. 12. 

Maxim 
burning 
velocity, 
cm/sec 

e39. 0 

e40. 1 

e68. 3 

f140. 0 

e54. 5 

f90.0 
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- 
1 
2 
5 
4 
5 

6 
7 
8 
9 

10 

11 

1 s  
12 

14 
15 

18 
17 
18 
19 m 
21 
22 
23 
24 
26 

28 
27 
28 

29 

51 
s 

52 
5s 
54 

ss 
58 
57 

58 
59 

41 
40 

42 
45 

44 
4s 
46 
47 
48 
49 

Bo 
51 

-53 
52 

51 
54 

64 

- 
0.601 

.59B 

.5%9 

.5BS .588 
1 .M1 
1.502 
1 .so2 
1.502 
1 . a 9  

1.299 
1 -501 
1.500 
1.299 
1.31s 

1.297 
1.286 
1 . a s  
1.- 
1.297 

.S98 

.598 

.595 

.59s 
-685 

.so0 -6Do 

.EM) 

. 306 

.m .so2 

.597 

.s97 

.sa7 

:500 .%X 
.SO1 

.799 
-800 

.789 

.eo1 

.'I99 .800 
A98 
.598 
.SO8 
.598 
.597 
.598 

.907 

.998 .ooo 

.999 

.989 .ocu 

.2B8 

. S T  
301 .505 .505 
.502 
.XI4 
.so2 
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3 9 7  
.997 
.997 - 

7s 

. 1 m  

78 

170 

79 

l m  

106 

7B 

l s 2  
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152 

~ 

"8 
l8.5 

25.1 
52.1 
c5.7 

21.0 
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58.7 
43 .9 
20.4 

35.1 
44.1 
84.9 

24.9 

56.9 
Sl.0 
58.0 
88.0 
67.9 

16.5 

w .a 
26 .O 

59.8 
46.7 

15.5 

40.5 

18.7  
56.5 
49.5 

24.5 
16 .9 

57.4 

22.6 
54.0 
48.7 

9 .0  
l 6 . l  

rn.8 
P . 8  

40.2 
56 .O 

6.6 
14.4 
eD.0 
24.8 
S3.6 
42.6 

21.1 
14 .7 

27.2 
40.5 
45.8 
85.1 

a8.5 
54.4 
52.8 
S7.S 
6 9 . 1  

24.5 
57.5 
SS.6 
8 7 . 2  
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5l.J 
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0.m72 
-0392 
.=6 
. O m  
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.a078 
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5 . 0  

2S.l 
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1 .O 

eO.8 

10.8 
18.5 
28.0 

1.6 

10 .o 
5.0 

18 .O 
P . 2  
ss.? 

5.1 
9.8 

14.1 
22.7 
27.2 
37.d 

18.7 
10.8 

32.0 
43. .s 
42.5 

11.8 

51.5 
2J.l  

59.7 

11.7 
6 . 0  

17.6 - 

89 
92 
91 
89 
87 

a4 
'81 
8s 

100 
8s 

109 
114 
117 

99 
112 

109 
9s 

8s 
84 

al 

al 

81 
81 
81 

a 

n 
n 78 

m 77 

74 

73 

'IJ 

74 
74 
74 

n 

n n n 
. z !  

72 

72 

74 
74 
74 

75 
Ts 

7 1  

7s 

n 
n 
n n 
70 

n 
n n n 

'I1 

72 
72 
72 
72 

73 

72 
7a - 

1Bs.P 
1U.7  

251.4 

424.7 
298.4 

88 .S 
121.2 

186. B 
152.1 

l P . 2  

149.7 
187.0 
278.2 

,l06.2 
296,4 

157.7 
n 7 . 9  
248.1 
232.4 
289 .B 
152.7 
em .8 
511.1 
572.1 
426 .7 

143.8 

571.5 
247 .O 

155.1 
70.6 

x ) 9 . D  

166.3 
=.a 
548.8 

144.2 
97.1 

1m .s 
82.6 

111.0 

211.9 
m.1 

278.4 
587.2 

78.1 1m.o 
102.5 
Z 8 . 0  
511.7 
594.2 

81.7 
117 J 
1 m . s  
z23 .O 

5 u . a  
2E2.5 

95.7 
147.0 
224.6 
288.4 
285.0 

105.4 

W . 8  
168.2 

285.8 

w -0 
37.4 

175.8 

pF- 13M l 0 l s  

MI1 

a01 
u 7  
817 
812 

U 8 1  
1m7 

514 
517 
698 

104.8 
97.B 

102.5 
95.0 
87.0 

72.6 

BJ.1 
15.4 

50.0 

85.7  
87.0  

84.7 
69 .o 
81.1 

84.5 
81 .e 
84.0 
72.8 

58.4 

=.a 

105.8 

95.8 
88.7 

100.0 
104.0 

95.4 

n.2 
86.8 
ea.# 

l(Ls.7 
51.9 

94.7 

85.0 
7s. 7 

85.0 

163.1 

1m.5 

85.5 
104.8 
99.4 

m.1 

56.a 
85.3 

88.8 
88.7 

103.5 
104.4 

PB.0 
91.5 

84.3 
96.8 
1m.5 
b5.6 
E3.6 
73.6 

78.4 
84.1 
7a.a 

61.1 
84.5 

rn.8 
79-1 

14.7 
72.2 

1 

ma-cut 

slight msOMM8 
B l w - a t  

Blw-cut 

B l a - m t  
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67.9 
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U7.B 
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188.0 
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908.8 
zss.4 
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lW.8 
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m4.7 
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"2 
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z I 9 . 4  
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a . 7  
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TABLE II. - Continued. PERFQRMANCE MTA FROM SINGLE COMBUSTOR OPERATING WITH BYIXROCAREKN 

AKD ~ ~ T E b H l T R X X R B G f l  GASEacrS FUEIS 

~onfbuetor-inlet total temperature, 660° a 
(g) Acetylene; fuel-nozzle canfiguration 1 

I". )(L abs 
~ 

15.2 0.0088 6.8 
18.0 .o090 12.4 
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Figure 3. - Constmotion detai l s  of temperature- end pressure-measuring inatrumest;s. 
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A 0.355 

D .73 170 
- h . .56 

I F a c l l l t y  limit I 

( c )   Large-capac i ty  fuel I n j e c t o r ;   i n l e t - a i r   p r e e -  
B u r e ,  8.0 . inches of mercury  absolute;   fhel-  
nozzle-hole  diameter,   l /8 inch. 

1600 

In1 . e t - a i r ,  Btu/lb a i r  

(b)   Small-capaci ty  fuel i n j e c t o r ;   ( d )   L a r g e - c a p a c i t y   f u e l   i n j e c t o r ;   i n l e t - a i r   p r e e -  
i n l e t - a i r   p r e s s u r e ,  14.3 i nches   su re ,  14.3 inches  of  mercury  absolute;  fuel- 
of mercury  absolute;   fuel-   nozzle-hole   diameter ,  l/8 Inch. 
nozzle-hole   diameter ,  1/16 Inch.  

F igure  8 .  - Varlat ior .  of average  combustor   temperature   r ise   and  combust ion  eff ic iency 
wi th   hea t   Inpu t  for ethylene  oxide.  Inlet-air temperature ,  2000 B. 
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H e a t  input, Btu/lb air 

(b) Inlet-air total   pressure,  14.3 inches of mercury absolute. 

Hgure  11. - Variation of combustion efficiency  with heat 
input for three   fue ls  and two -1-injector  configura- 
t ions.   Inlet-ai r   reference  veloci ty ,  170 feet per 
SeCOnd. 
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A i r  flow, Ib/sec 

(b)  Inlet-air  pressure, 14.3 inches of mercury absolute; 
fuel-nozzle-hole  diameter, 1/16 inch. 

F i g u r e  12.  - Variation of combustion efficiency at heat-input 
value of 200 Btu per pound of air with in le t -a i r  mass flow 
f o r  f i v e  gaseous hydrocarbon fuels and one oxygenated- 
hydrocarbon gaseous f u e l .  Inlet-slr temperature, ZOO0 F. 



(c)  Inlet-air pressure, 8.0 inches ai mercury absolute; 
fuel-nozzle-hole diameter, I/8 Inch. 
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(b) M€x$uurn burning velocity and m i n i m  spark-ignition  energy. Inlet-sir total presaure, 
14.S inches of mercury absolute. 

F i g m e  U. - Variation in canbution  efficiency a t  heat-inplt value ai 200 Btu per pound of 

velocity,  170 feet per second. 
ab? with fundamental combuetion propertlea. Inlet-air temperature, Z& E'; reference 

~ .. 

. 
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(a) Flammability range and spontaneous-ignition temperature. Inlet-air  total 
pressure, 14.3 inches of mercury absolute. 

Figure 13. - Concluded. Variation in combustion effLciency at heat-inplt value 
of 200 Btu per pound of air with fundamental coubustion poperties.  Inlet- 
air temperature, ZOOo F; reference velocity, 170 feet per secoP1. 

t 
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A c r y l o n i t r i l e  
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- " . 
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Figure 14. - Varia t ion  df combust ion  eff ic iency  with maximum burning 
v e l m i t y  far gaeeous and l i q u i d   f u e l s .   I n l e t - a - o t a l   p e s e u r e ,  
14.3 inches of mercury  absolute;   in le t -a i r   temperature ,  ZOO0 F; 
I n l e t - a i r   r e f e r e n c e   v e l a c i t y ,  170 feet per eecapd. 
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