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Liquid methane, ethene, and  propane  along  with  normally  lfquid  hydro- 
carbon f u e l s  are cons idered   in   th i s   ana ly t ica l   repor t .  It is shown t h a t  
the lower  molecular  weight  hydrocarbons are much superior   to   current  
JP-type  fuels as heat sinks and that these more v o l a t i l e  f u e l s  may be 
required  with  cooled-turbine  engines. It is also shown tha t  a i rc raf t   range  
w i l l  not  necessarily  suffer  from  use  of low-molecular-wetght fue l s  even 
though their densi ty  is low. The normally  gaseous f u e l s  would have t o  be 
handled a t  low temperatures, and the tank  insulation  requirements  and 
handling  factors are discussed  herein. The r e l a t i v e l y   s h o r t  tfrnes t h a t  
a i r c ra f t   can  be held between fue l ing  and  takeoff is a severe  disadvantage 
with some fue l s .  The a v a i l a b f l i t y  and cost  aspects are shown to  be qu i t e  
good with  the lower  molecular we- igh t  hydrocarbons. 

Ai rcraf t  have always  been forced to diss ipa te  a considerable amount 
of  heat i n  one way or another.  For  piston-engine  airplanes , the   l a rges t  
heat  load is, by far, f o r  engine  cooling; t h i s  load is of the order  of , 

25 percent  of the heat  of  combustion  or  about 5000 B t u  per pound of f u e l  
burned. The heat load  for  turbojet   engines is a much smaller f r ac t ion  
of  the heat of  combustion. I n  either case this heat  is easily re jec ted  
t o  the air at low subsonic  flight  speeds. However, w i t h  increas ing   f l igh t  
speeds  convectlve. heat regection to air first becomes less a t t r a c t i v e  and 
finally becomes infeas ib le  at mult€-Mach speeds because of the  increasing 
aerodynamic  drag of  the convectore  and the increasing  stagnation tempera- 
t u r e  at the convector  surfaces.  Therefore, at high  f l ight   speeds,  heat 
must be diss ipated  internal ly ,  that is, t o  some p a r t  of the a i r c r a f t   o r  
its load. 

The f u e l  appears t o  be t h e  most promising  heat sink i n   f u t u r e  air- 
craft s ince it w i l l  be a l a rge   f r ac t ion  of the gross w e i g h t ,  has a 
r e l a t ive ly  high spec i f i c  heat, and  can be conveniently  uti l ized.  Fuel 
is now being used to   accep t  the heat rejected from the engine  lubricant. 
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A much w i d e r  use of the f u e l  as a heat sfnk is probable i n   f u t m e  air- 
craft ,  e s p e c h l l y  if cooled-turbine  engines that r e j e c t  heat to the fuel 
are developed. 

The principle   differences  in  heat-sink capacity between fuels lies 
i n  the temperature  range  over which they  can be used. The limit f o r  the 
lower  temperature is set  by the freezing  point of the fue l ,  and the 
upper  temperature l i m i t  i s  set by the temperature at which f u e l s  degrade 
to   the   ex ten t  that exchanger or  engine performance suffers. This upper 
limit has already been reached i n  some f l ight   missions w i t h  some current 
je t  fue l s  where solid  degradation  products have fouled lubricant-to-fuel 
heat exchangers  and  have  clogged engine fue l   inJec tors .  

The need f o r   f u e l s  w i t h  greater heat-sink  potentials  suggests  the 
use of low-molecular-weight  hydrocarbons. Such fuels  could be u t i l i zed  
between  lower i n i t i a l  temperatures and higher f i n a l  temperatures than 
can  current jet  fue ls .  

The low-molecular-weight  hydrocarbons have much lower dens i t ies  
/ 
than  conventional j e t  fuels, but   s l igh t ly  higher heats of combustion. . 

For a given  aircraft  designed  for  JP-type f u e l s ,  the penalties  induced 

higher heat of combustion; a i r c r a f t  performance would therefore be poorer 
wi th  methane than with Jp fue l s .  However, for   an  a i rcraf t   designed  for  
a spec i f ic   fue l ,  the effect”75 d e r  density  and higher heat of combus- 
t i o n  is not  obviousj a detailed analysis  I s  required. 

>y the lower  density would cer ta in ly  outweigh the gains due t o  the 

The low boiling  points  and  high  vapor pressures of fuels such as 
methane and  propane would cer ta inly  present  new and  possibly  difficult  
operating problems both on the ground and i n  the air. While there i s  
considerable  experience w i t h  non-aircraft  use  of  propane (liquefied 
petroleum gas) and less experience with l iqu id  methane (mtu ra l   gas ) ,  
their use  in  aircraft would not be easy. The f u e l s  would  have t o  be 
re-igerated,  and  tank  insulation would be required, which would raise 
new problems in   refuel ing,  pumping, and  engine  control. 

Although  only  liquefied  gaseous  hydrocarbone  have  been  mentioned, 
there  may a l s o  be i n t e r e s t   i n   f u e l s  with molecules weights intermediate 
between these and the current j e t  fue l s .  Pentanes  and  aviation  gasoline 
are examples. They could be handled as liquids  without  refrigeration, 
and t h e i r  heat-sink capacit ies,  while in fe r io r   t o   t hose  of the l iquefied 
gases, would be greater than  those  for j e t  fuels   and might be suf f ic ien t  
f o r  most applications.  
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5 
Therefore,  an  analysis has been made of  the  potential   value of t he  

lower  molecular  weight  hydrocarbons as fuels  for  turbojet-powered air- 
c r a f t .  The following  fuels have  been  considered:  methane,  propane, 
ethene,  an  isopentane-isohexane  blend, and aviation  gasoline. Also 
included are a conventional JP-4 fuel, which i s  used f o r  reference  pur- 
poses,  and a kerosene-type  f'uel  having high thermal stability. Reported 

the fue ls  t o  act as heat  sinks,  (2) ranges f o r  two types of a i r c r a f t ,  
each a t  a s ingle  flight condition, (3) estimates of combustion e f f i -  
ciency, (4) probable fuel handling  problems,  and (5) fuel ava i l ab i l i t y  
and  cost. 

n 

8 herein  are   the results of this   analysis   in   terms of (1) capaci t ies  of cu 
-3 

This report  emphasizes  the  heat-sink  capacities of fuels, and sup- 
porting data and figures are  presented. The f u e l s   a r e  compared as to 
range in   des ign-poin t   a i rc raf t  through calculatione made by E. M. 
%meberry of the  NACA Lewis laboratory.  Estimates of the  heat-rejection 

MACA L e w i s  laboratory. The procedures  used by Messrs . Henneberry  and 
Ziemer are qui te  complex and are  not  included  in t h i s  report;  only t h e i r  
f inal  r e s u l t s  are shown. 

3 
u loads from cooled-turbine  engines were made by R. R. Ziemer also of the  e 

1 
I 

I 
h Seven f u e l s   a r e   t r e a t e d   i n   t h i s  analysis. Three a r e  single- 

component fue ls  (methane, ethene, and  propane),  and one is a low-freezing- 
point  blend of 42 percent  isopentane  and 58 percent  isohexane  (2-methyl 
pentane). The remaining  three  are  commercial  wide-boiling-range  fuels. 
The aviation  gasoline  and the JP-4 fue l   a re   those  of reference 1; the  

' Jp-4 fue l  i s  the average  quality fuel of this  grade  (ref.  I). The JP-z 
f u e l  i s  a s tab le ,  highly naphthenic  kerosene-type  fuel.  Inspection data 
f o r  this material  were obtained at  the NACA L e w i s  laboratory. A general 
description of these fuels is given fn the appendix. 

A few  physical  and  combustion  properties  for  the  seven fuels a re  
l i s t e d   i n   t a b l e  I. Additional  properties  over a range  of  temperatures 
a re   p lo t ted  i n  figures 1 t o  3. Figure 1 glves  enthalpy-temperature 
curves drawn w i t h  the  zero  enthalpy  base of each f u e l  at its freezfng 
point.  Figure 2 shows vapor-pressure - temperature  curves  and  figure 3, 
the  density-temperature  relations. The data l i s t e d   i n  table I and shown 
i n   f i gu res  1 to 3 were e i ther   t aken   d i rec t ly  o r  calculated from data  and 
methods given  in  references 1 t o  5. Details are   ou t l ined   in   the  
appendix. 

I 
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HEAT-SINK CAPACITIES AND REQUIREMENTS 
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There are many possible  heat sources  in  present  and  proposed  turbojet- 
powered a i r c r a f t  which do or  could use the f u e l  a0 a heat  sink. O f  these 
sources the following  three are responsible   for  the thermal- instabi l i ty  
problems  which are now being  encountered w i t h  some f u e l s :  

(1) The f u e l  pump: This  is a source  of heat at low flow rates, s ince 
fixed-capacity pumps are used i n  many engines. When the engine demands 
less than f u l l  pump capacity, a s ,  f o r  example, at high-alt i tude  cruise,  
the fue l ' i s  recycled  through the pump. This results in  the  conversion 
of mechanical work into heat. 

(2)  Tne engine  lubrication  system.  In  current  turbojets  the o i l  
both  lubricates and  cools  the  engine. The resul t ing  heat  i s  diss ipated 
t o  the f u e l  i n  the  oil-to-fuel  exchangers of these engines. I n  current 
engines, t h e  temperature of the incoming o i l  may reach  approximately 350' F 
and the temperature  of the outgoing f u e l  nearly as high. These tempera- 
tures  probably w i l l  go higher as more-stable 1UbriCantB are developed. 

(3) Heat t ransfer  from the  combustton  process which fur ther  heats the 
f u e l  between  exchaager  and  atomizer. 

While these are the only  sources  rejecting heat to  the f u e l  i n   cu r ren t  
aircraft, there are other  sources tha t  might so use t h e  f u e l  i n  f u t u r e  
aircraft. These include: ~ .. 

(I) Refr igerat ion  cycles   for  cabin cooling 

(2)  Direct exchange or   refr igerat ion  cycles   for   cool ing  e lectronics  

(3) Similar cooling of aircraft   hydraulic  systems 

(4) Cooling  of  hot  engine  parts 
+ 

As is shown later, t h i s  last Bource becomes a ma,jor heat load i n  aircraft 
wi th  cooled-turbine  engines. 

While the  heat loads being r e j ec t ed   t o  the f u e l  can be estimated f o r  
current and proposed  turbojet  engines, there i s  l i t t l e  basis fo r  making 
similar estimates of - fu ture  airframe requirements  becauae the designers 
of airframes have l i t t l e  idea  of the f u e l  heat-sink  capacity t h a t  w i l l  be 
ava i lab le   for  their use.  I n  t h i s  sec t ion  we first, estimate the  heat- 
sink  capacit ies  of  the  several  fuels, second, indicate  the expected heat 
loads t o  be put  thereon  by the engines,  and  finally, estimate the heat- 
s i n k  capacity  remaining  in the f u e l  fo r  other uses. 

3 .  
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Heat-Sink  Capacities of  Fuels 

The amount of heat that   can  be  re jected  to  a unit   weight  of  fuel i s  
given by 

where 

Q amount of heat 

Tl,T2 i n i t i a l  and final temperatures 

cP spec i f ic   hea t  

Hvap l a t e n t  heat of  vaporization, avaflable only tf t h e   f u e l  change6 
phase when ac t ing  as a heat   s ink 

The  amount of  heat Q can be easily  taken  from the enthalpy-temperature 
curves  of  figure 1 provided   tha t   in i t ia l  and f ina l   condi t ions  are known. 

For th i s   ana lye is  two i n i t i a l  temperatures were used for   each  fuel .  
The f i r s t  was the normal  bofl-ing  points  for  methane,  ethene,  and  propane, 
and looo F for  the  remaining,  normally  l iquid  fuels.  The second i n i t i a l  
temperature was LOo F above the  f reezing  point   of   each  fuel   except   for  
aviat ion  gasol ine for which t h e  15-centistoke  temperature (-160O F) was 
used. This l a t t e r   cond i t ion  w a s  se lected  for   cases  where maximum hedt- 
sink capacity is desired. 

The se l ec t ion  of the f i n a l  temperatures T2 was more d i f f i c u l t .  
The upper  limft for T2 is imposed by the degradation  of the f u e l ,  
and  there  are three  degradation  reactions  Involved.  These are 
illustrated f o r  JP-4 fuels i n   f i g u r e  4 where reac t ion  rate is shown 
as a funct ion of temperature.  For ideal systems, a p lo t  of log rate 
against   the   reciprocal   of   absolute  temperature gives a straight l i n e ,  
and such  systems were assumed in   f i gu re  4.  

The lowest  temperature  reaction shown i n   f i g u r e  4 is for  the  formation 
of insoluble gum. This is shown as a band  covering two Jp-4 fue l s  of 
d i f f e r ing  gum-forming qualities. The two experimental  points were calcu- 
l a t e d  from data given  in   reference 6, and the  slope  of  the  shaded  area is 

40O0 F, f o r  example, t he  rate constant for insoluble gum is between 2X10'7 
and 2x10'6 second. This also e q w l s   t h e   f r a c t i o n s  of gum formed  per  sec- 
ond, that is,  2x10'7 t o  2x10'6 f r ac t ton .pe r  second. ~ h e s e  gum-forming 

- calculated  assuming  an  activation  energy of 20 ki loca lor ies  (ref. 1). A t  
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rates represent limits from only one study ( r e f .  6 ) ;  batches  of j e t  f u e l s  
probably  are  being  produced which are  both  poorer and bexter than these-. 
Therefor+-the  range  possible for insoluble gum formation is wider  than 
t h a t  shown i n   f i g u r e  4. 

The next  reaction shown in   f igure  4 is f o r  thermal cracking.  Although 
there is considerable l i terature  on the cracking  of  various  petroleum 
fract ions,  no data are known f o r  JP-type f u e l s .  The l i n e  shown here wa8 
estimated from reference 7 and is dram halfway  between l ines   fo r   gas  o i l  

land f o r  naphtha. Since JP-4 f u e l  is Intermediate i n   v o l a t i l i t y  between 
these stocks, this l ine  should  represent a reasonable  approximation  for 
the j e t  fue l .  A t  4000 F the cracking rate is very  slow and w e l l  below 
lo-' fraction  cracked  per second.  Considerably higher temperatures, of 
the order of 600° t o  8000 F, are required before the cracking rate becomes 
equa l  t o  the gum-forming rate at 400° I?. 
. The f ina l   r eac t ion  shown i n   f i g u r e  4 is the shaded area t o   t h e  l e f t  
labeled coke  formation. This Le f o r  coke  formed as a side r eac t ion   i n  
the  cracking  reaction.  Unlike  the  cracking  reaction where r a t e s  can be 
f a i r l y   w e l l   s e t  as a function of temperature  alone,  the  coking  reaction 
is a complex function  of  temperature,  preseure,  reactant  phase, and 
reactor  surfaces.  No data are available which w i l l  accurately  define  the 
coking rate, and the shaded port ion is shown i n  f igure 4 f o r  i l l u s t r a t i v e  
purpos-ea only. The coking rate is necessarily much lower  than the cracking 
rate and is so shown. 

O f  the three degradative  processes shown in  f fgure 4, only  the rates 
for  the  cracking  reaction are known or can  reasonably be estimated  for 
a l l  the f u e l s  used i n  t h i s  analysis.  Therefore, the upper  temperature 
l i m i t  f o r  use as T2 i n  equation (1) is largely  based  on t h i s  react ion 
alone . 

Cracking r a t e s   f o r  the several f u e l s  a r e  shown as functions  of tem- 
pe ra tu re   ( so l id   l i nes )  in f igu re  5. These rates a re  baaed on reference 7 
and the  following arguments: 

(1) Methane and propane rates were taken  direct ly  from reference 7. 

(2) Ethene is s l i g h t l y  more resistant  to  cracking  than  ethane, and 
therefore the l ine   for   e thene  was drawn f o r  a s l i g h t l y  lower rate than 
that shown for  ethane i n  reference 7 :  

(3) The isopentane-isohexane rate is the same as t h a t  given  for the 
pentanes i n  reference 7.  

(4 )  Aviation  gasoline was est imated  to  have the same r a t e  as naphtha 
of reference 7. 
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.¶ 
(5) As prevtously stated, the JP-4 f u e l  was assumed t o  be intermediate 

between gas o i l  and  naphtha i n  cracking rate. 
c 

(6) The JP-z f u e l  i s  a highly  naphthenic  (cycloparaff  inic)  fuel. 
8 cu Therefore,   the  rate of JP-e f u e l  was taken as one-tenth tha t  f o r  Jp-4 

Reference 7 shows cyclohexane t o  crack at one-tenth the r a t e  of  g-hexane. 

f u e l  which gives it the same r a t e  as that f o r  the isopentane-isohexane 
blend. 

4 

Also shown on figure 5 are dot ted   l ines   for  1.0 and 0.01 percent of the 
fuel cracked i n  10 seconds. 

Cracking,  per se, should  present no fuel-system  problems. However, 
the cracking  react  ion is accompanied by side  reactions  leading t o  the 
formation of sol id   deposi ts .  It was assumed tha t  (1) 10-6 f r ac t ion  of 
so l ids  would  be  the maximum amount t h a t  the engine  could  tolerate, (2) 
the r a t e  of  formation  of  solids would  be 1/1000 the cracking rate, and 
(3) fuel  residence  t ime at the high temperature  would  be LO seconds. 
Based on these  three somewhat a rb i t r a ry  assumptions, the maximum to le rab le  
amount of  cracking  reaction would be f r ac t ion  per second  or 0.01 per- 
cen t   in  10 seconds. "his r a t e  is shown by the lower do t t ed   l i ne   i n  

, f igure  5, and  the maximum allowable  temperature T2 can be taken Prom the 
intercept  of  this dot ted   l ine  w i t h  the react ion rate l ine   for   each   fue l .  

I - 

The final considerat ion  in  the use of equation (1) i e  whether the 
fuels w i l l  be  vaporized  or  not when ac t ing  at3 heat  sinks.  The normally 
gaseous fue ls ,  methane, ethene, and propane,will  certainly  permit  vapori- 
zation. It was also assumed that the  isopentane-isohexane  blend  and 
aviqtion  gasoline  could also be vaporized  without  excessive  exchanger 
fouling. JP-4 fue l s  of current   qual i ty  would almost cer ta in ly   fou l  ex- 
changers  badly if complete  vaporization were attempted, and therefore this 
f u e l  was  maintained in   the  l i-quid phase  for this analysis .  However, it 
i s  possible that the  highly  stable,  narrow-boiling-range JP-z fuel   could 
be vaporized  cleanly.  For this last f u e l  the analysis was  made both w i t h  
and  without  vaporization. 

From the above considerations,   the  heat-sink  capacltfes of the several 
fue ls  were estimated  usfng  figures 5 and 1. Resu l t s  i n   bo th  Btu  per pound 
and f rac t ions  of heats  of combustion are l is ted in   t ab l e  11. JT-4 f u e l  
was assumed to be gum lirnlted and  not  crackling  limited ( f ig .  4) ,  and a 
f i n a l  temperature of 400° F w a s  used. It was found t h a t  methane could  be 
heated  to 1 2 4 5 O  F before  exceeding 0.01 percent  cracking. This temperature 
is bel ieved  to  be too high for   e f fec t ive  use  &B a heat sink.  Therefore, 

t o  this temperature are also l i s t e d   i n  table 11. 
4 a f inal   temperature  of 1000° F was arbitrarily set f o r  t h i s  fuel,   and data 

- The available heat-sink  capacities  range  from a low of  165 Btu per 
pound for  Jp-4 f u e l  i n i t i a l l y  at 1000 F to a high of  approximately 1300 
B t u  per pound f o r  methane. The data i n   t a b l e  I1 c lea r ly  show the superior 
heat-s ink  qual i t ies  of the lower  molecular  weight  hydrocarbons. - 
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Heat-Sink  Requirements of Engines 
5 

Three turbojet  engines are used i n  this sect.ion and i n  the subsequent 7 

performance analysis.  These engines are 

Engine A: A turbojet  with a 2000° R (1540O I?) turbine- inlet  tempera- * 
N 
N ture  and w i t h  af'terburntng. 0 

Engine B: An afterburning  engine wi th  a 2500° R (2040' F) turbine- 
inlet  temperature. Both turbine and s t a t o r s  are l ight ly   cooled.  

Engine C: A heavily  cooled  nonafterburning  engine wFth a 3000° R 
(2540O F) turbine-inlet  temperature. 

Engine A represents  an  uncooled  engfne  ofrecent  design.  Engines B 
and C were selected on the baeris of the expected  trends i n  engfne de- 
velopment requi red  for  high-alt i tude,   supersonic  f l ight.  The higher 
turbine-inlet  temperatures .of these last two engFnes would give higher 
spec i f i c  t h r u s t  ( thrust  per pound o p a i r )  and improved performance i n  
both   f igh ters   ( re f .  8) and bombers ( r e f y 9 ) .  The use of higher i n l e t  
temperatures wi th  turbine cooling would a lso  r e s u l t  i n  large  decreases 
In  engine  specific welght- (pounds of engine  weight per pouna of  t h rus t )  
as shown I n  reference 10. 

Some of the  many possible schemes o f  cool ing  turbine  s ta tor  and 
ro to r  b lades  are discussed in reference 10. As t he  f l i g h t  Mach number, 
and thus the ram-air temperature, is increased, some of these methods 
have insuff ic ient  heat capaci ty   or  require large heat  exchangers t o  take 
care of the  turbine  cooling  load. Thus the excess heat mus t  be dissipated 
t o  e i t h e r   t h e   a i r c r a f t  o r  t h e  fuel. In order t o  obtain a r e l a t i v e  com- 
parison.  of the heat capaci t ies  of the var ious  fuels ,  it is assumed that 
the e n t i r e  turbine cooling load must be absorbed  by the fuel. 

Published data are available on the heat loads of uncooled engfnee 
of the type of engFne A .  Reference 11 gives B t u  per  hour  loadings and 
resul tant   fuel   temperatures   for   several  flight conditions.  Reference 12  
gives data which generally  confirm  reference 11. The two f l i g h t  cond1t;ions 
selected from reference I1 f o r  use herein are Mach 1.0 and Mach 1.9,  both 
at a 60,000-foot a l t i tude.  Data were ca lcu la ted   to  the following  heat 
loads  in  terms of f rac t ions   o f - the  heats of  combustion: 

1 Flight  condition Heat load,  fraction I of heat of combus t i on  I 
Mach 

0.007 0.005 0.002 60,000 1.0 
f t  number 

T o t a l .  From o i l  From pump Alti tude,  

1.9 .0025 002 .0005 60,000 
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The more severe  condition is at the lower f l ight speed; th i s  is because 
(1) the pump conversion  of work t o  heat is greater  a t  the lower  speed, 
lower  flow rate conditions, and (2) the time rate of   heat   re ject ion  to  
the lubricant  and  thence to the f u e l  is substant ia l ly   constant  and thus  
r e s u l t s  i n  higher f u e l  temperatures at the lower  flow rates. 

There is no analysis  of the pump and l u b r i c a n t  heat loads  for  engines 
B and C but an analysis  of the turbine  cooling loads has been made at  the 
NACA Lewis laboratory. These loads are based on heats of combustion  and 
are as follows f o r  three flight conditions: 

cu 

8 load,   f ract ion of 

number 

0.024 

.028 
I I 

The second f l igh t   condi t ion  is the same as that used fo r  the p u q  and 
lubricant  loads  of  engine A.  These heat  loads were calculated  for  engines 
in   t he   ea r l i e s t   s t ages  of design. While they are reasonable  values,  these 
engines as f i n a l l y  developed  could impose considerably  greater  or smaller 

.% 

- load6 on the f u e l  depending on a variety of fac tors .  

To the above turbine  cooling  loads  for  englnes B and C can be added 
estimates  of  the amounts of heat arising from the f u e l  pump and the 
lubrication  cycle.  This w a s  done  by  assuming: 

(I) The heat from the pump would be 0.001 of the f r ac t ion  of  the heat 
of combustion at the  lowest f l ight  speed,  and at the higher speeds this 
heat would be negligible.  

(2)  The lubricant  cycle heat r e j ec t ion  at Mach 1.0 and 40,000 f e e t  
for  engines B and C would be the same BB f o r  engine A at Mach 1.0 and 
60,000 f ee t ,  that is, 0.005 of the f r ac t ion  of  the heat of combustion. 
This load would be 0.002 of the   f rac t ion  at the  higher flight speeds. 
With these  assumptions, t o t a l  heat loads a s  fractions  of  the  heats of 

.combustion a r e  summarized i n   t a b l e  111 for  the three  engines.  Inspection 
of this tab le   c lear ly  shows the increased  heat-sink  capacity tha t  w i l l  be 
required  for  cooled-turbine  engines if the  cooling is done through  cycles 
that r e j ec t   t he  heat to  the f u e l .  For the conditions listed and w t t h  
conventional  fuels,  the  uncooled  engine A would r e j e c t  45 and 130 B t u  to  
each pound of f u e l ;  for  the  l ightly  cooled  engine B the values  are 150 and 
220 Btu  per pound of  fue l .  The heavily  cooled  engine C would reject about 

- 
., 550 Btu to  each pound of f u e l .  

I 

I 

f 

i 
i 

! 
i 

I 

! 

I 

I 

! 

I 

! 

! 
I 
I 

I 

! 

! 

I 

! 

! 



10 NACA RM E56121 

Heat-Sink  Capacity  Remaining f o r  Non-Engine Use 

" . 

h 

Table 11 summarizes the heat-sink  capacity  for the several   fuels ,  
and table I11 shows the  estimsted demand f o r  three types  of  engines. From 
these data t h e  heat-sink  capacity  remaining f o r  other uses can  easi ly  be 
estimated. These estimates  are l isted i n  table JT. For  each f u e l  and 
i n i t i a l   f u e l  temperature, the  avai lable  heat s ink from table I1 i s  shown 
along w i t h  the engine  requirements from table 111. The differences a r e  
shown a6 both  fractione of  the heats of  combustion  and 88 Btu  per pound; 
t h i s  difference is  avai lable  for such  non-engine  uses as cabin,   electronic,  
and  hydraulic-system  cooling. 

Table IV(a) shows the amount of heat sink  remaining  from  engine A .  
At  the lower f l ight  speed  conditions, t h i s  ranges  from 35 B t u  per  pound 
fo r  uncooled JP-4 f u e l  t o  970 B t u  per pound for  cooled methane. A t  the 
hFgher flight speed  there is s l i g h t l y  more capaci ty   avai lable   for  non- 
engine  use. The low value  of 35 Btu per pound fo r  X?-4 f u e l  shows t h i e  
f u e l   t o  be marginal i n  its abi l i ty  t o   c o o l  the  engine  alone. If the sample 
had been less stable, f o r  example,  one that formed excessive gum at 325O F, 
then  operational  problems would be expected  even  though no heat loads 
other  than  those  from the engine were imposed on the  f u e l .  In  any  case, 
there is l i t t l e  hea t -s ink   capac i ty   l e f t for   o ther  airframe demands. With 
all the- o ther   fue ls ,  and expecially w i t h  the normally gaseous  hydrocarbons, 
there  is a s u r p l u s  heat-sink  capacity. 

Similar data for  engine 3 are shown i n  table IV(b) .  For t h i s  l i g h t l y  
cooled  engine  the JP-4 f u e l  is inadequate  unleas  precooled  to -750 F. 
However, the  heat-sink  capacit ies of  a l l  the  other f u e l s  appear  adequate 
fo r  most needs. 

Table N( c)  presents data for  the heavily  cooled  engine C.  I n  t h i s  
case (Tp-4 f u e l  Fs completely inadequate even when precooled. The JP-z 
f u e l  and  aviation  gasoline would supply  the  engine demands i f  precooled; 
however, the JP-z f u e l  may be  marginal in  this respect .  The low-molecular- 
weLght hydrocarbons a l l  have  ample heat-sink  capacity remaFning over  englne 
demands. 

The data i n  tab le  N show the most important-  reason  for  considering 
the low-molecular-weight  hydrocarbons as turbojet-fuels.  If turbojet  
development  goes along the path of heavily  cooled  engines  such as engine 
C, and if the fuel a c t s  as the  ult imate heat sink,  then it appears  neces- 
sary t o  use fuels  having lower molecuhr  weighta  than  those  of--current 
aviat ion  fuels .  

AIRCFiAFT RANGE 

There is no doubt t h a t  the low-molecular-weight  hydrocarbons are far 
superior   to- the  convent ional   je t   fuels  as heat  sinks.  There l e ,  however, a 

. .. 
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t 
question as to  

, . ".+" . 
what extent aircraft range would  be  penalized  by  the  quite I 

low densi t ies  of these  fuels and t o  what extent  range would  be  augmented 
by their   s l ight ly   greater   heats   of  combustion. As mentioned i n   t h e  
INTRODUCTION, volume-limited aircraft designed  for  JP-type  fuels would 
have a much reduced  range if fueled,   for example, wi th  l i qu id  methane. 
However, fo r  a series  of  aircraft ,   each  designed  for a spec i f ic  f u e l ,  the 
r e l a t i v e  importance  of low density and high  heat of combustion  can be , 
determined  only  through a detai led  analysis .  This section  presents  the 
r e s u l t s  from  one  such analysis made at the XACA L e w i s  laboratory. 

There a r e  a Large number of  missions which could be studied and a 
var ie ty   o f   a i rc raf t  and  engine  combinations  which  could  be  used t o  accom- 
p l i s h  each  mission.  Therefore, fuels could  be rated on an  almost  infintbe 
number of mission,  aircraft ,  and  engine  combinations. The purpose  herein 
fs to  examine two arbi t ra r i ly   se lec ted   cases   to   see  whether it would be 
prac t ica l ,  from a range  standpoint, t o  use low-molecular-weight  hydro- 
carbons as turbojet f u e l s .  

Two quite  different  misslone and a i rc raf t   types  were selected.  ,The 
first case was an  interceptor  action of a 25,000-pound-net f i gh te r .  The 
second was a bombing mission of a 150,000-pound-net bomber. Both missions 
were flown a l l  the way at Mach 2.5 w i t h  the bomber at 65,000 feet   over  
the  target  and w i t h  5 minutes  of combat act ion at 65,000 f e e t   f o r  the 
f igh te r .  The assumptions a s  t o  ruel-tank geometry, ullage,  and  inaulation 
are   given  in  a subsequent  section. Both a i r c r a f t  were  powered with the 
three  turbojet  engines  previously  described:  engine A, afterburning with 
a turbine-inlet  temperature of 2oOOo R; engine B, afterburning w i t h  a 
turbine-inlet   temperature of 250O0 R; and engine C, nonafterburning with 
a turbine-inlet  temperature  of 30000 R. Combustion efficiencFes  of 98 
percent   for  the main engine  and 90 percent  for the afterburner were 
assumed i n  a l l  cases. 

The comparison  of range a s  influenced by fue l   var iab les  is given i n  
tab le  V for  both  missions wi th  engines B and C. These data  are  given  in 
terms of  range   re la t ive   to  that obtainable with Jp-4 f u e l  even  though 
engine C is not  operable w i t h  thls fue l .  A similar analysis  was not made 
fo r  engine A, since the p r inc ipa l   i n t e re s t   i n  low-molecular-weight  hydro- 
carbons is for  cooled-turbine  engines. For these  aircraft ,   each  designed 
for  a spec i f ic   fue l ,  there is no penalty  induced  by the low dens i t ies  of  
the lower  molecular  weight  hydrocarbons. I n  fact, the range w i t h  these 
fuels is greater   than with the JP-type fuels, because  the  benefits  de- 
r ived from the higher heats of combustion more than  overbalance the 
penal t ies  due t o  low density.  

It must be  emphasized that the comparison shown i n   t a b l e  V i s  based 
on an  arbi t rary  select ion  of   missions,  aircraf't, and engines.  Other, 
equally  plausible,  sets of  assumptions could  have  been  selected which 
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would have influenced the ratings  of these seven  fuels.  It is n o t  the 
purpose of  this   report   to   c la im  any  specif ic   benefi ts  in range fo r  the 
low-molecular-weight  hydrocarbons b u t  only to  point  out tha t  the low 
densities of fuels such as l i q u i d  methane w i l l  not  necessarily  cause a 
loss i n  range. 

* '  
I 

COMBUSTION PERFORMANCE 

8 
CQ 
C 

I n  the  preceding range analysis,  equal combustion efficiency was 
assumed f o r  all f u e l s .  Of the seven f u e l s  only JP-4 fuel and  aviation 
gasoline have been tested in  fuel-scale   engines .  Nevertheless, it is 
believed that reasonable estimates of combustion behavior can be made 
f o r  a l l  t h e  fuels on the basis of  single-combuetor  and  bench-scale data. 
for  these and similar f u e l s  . 

. .  . . .  
.. ." " 

Combus t i o n  eff iciency is a function of  engine  design,  engine  operating 
conditions, and fuel  variables.  Operating  condit-ions and thew  effect-on 
eff ic iency can be described  in terms of a correlating  parameter  developed 
i n  reference 13. The reciprocal  of t h i s  parameter is V/ET, where V is 
the  reference air  velocity  through the combustor  and P and T are i n l e t -  , 
air pressure and absolute teuperature, respectively.  Operating  conditions 
become"-more severe as V/PT increases, that is, combustion efficiency a 

decreases with increasing air velocity and w i t h  decreasing  pressure and 
temperature. 

- 

Numerical values  f o r  the V/FT parameter were calculated  for  a f e w  
I 

flight and engine  speed  conditions for the  engines  used  herein. These 
values are dependent on engine  compression r a t i o ,  compressor capacity, 
and  combustor cross-sectional  area  but are not  dependent- on turbine 
cooling  factors;   therefore,  values  of the  parameter are the same for a l l  
engines. The results are as follows: 

- 

I f t  
65,000 

65,000 
65,000 
65,000 

80,000 

Mach 
number 

Engine 

(lb>(%> percent 
f t / ( s ec )  speed, 

V/PT, 

ra ted  
2.5 

1800 Wind- 1.0 
240 80 1 .o 
110 LOO 1 .o 
20 LOO 2.5 
10x10'6 100 

mlll ing 

Conditions become  more severe as s l t i tude   increases ,  a8 Mach  number de- 
creases, and as engine  speed  decreases. 

I 

. .. .. 

I 
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With turbojet  combustors  of  advanced design, combustion e f f ic ienc ies  
above 90 percent  can be obtained at parameter  values below approximately 
150 and, at values below approximately 50X10'6, the eff   ic iencfes   are  
subs tan t ia l ly  100 percent  (e.g., ref. 14).  The preceding  table sl-ows t ha t  
the Mach 2.5, 65,000-foot-altitude  condition  used  in the range  analysis 
is very mild fo r  combustion (V/FT = 10X10-6> and therefore combustion e f -  
f iciency  should be close t o  100 percent.  For  this  reason, a combustion 
eff ic iency  of  98 percent was assumed f o r  a l l  f u e l s  i n  the range  analysia. 
Afterburner  conditions  are much more severe, and  an  afterburner  eff-lciency 
of  90 percent was assumed. 

Although it appears  the  combustion  efficiencies w i l l  be near 100 
percent  for all t he   fue l s  at Mach 2.5 conditions,  there are other fLFght 
conditions  (cruise and l o i t e r )  where e f f ic ienc ies  may be much lower. It 
is desireable   to  compare the combustion  performance  of the seven  fuels 
under mre  severe  Conditions. The single-combustor data of  references 14 
and 15, while incomplete,  give some information  in this regard. 

In  reference 14 an  advanced  design combustor was r u n  on  gaseoue 
propane, l i qu id  3P-4 f u e l ,  an8 part ia l ly   vaporized Jp-4 fuel.   Their 
performance a t  a combustor temperature r i s e  of 6800 F is  shown as a 
function of the V/PT parameter i n  figure 6. Propane  gives  slightly 
higher  efficiencies  than Jp-4 f u e l  st all conditions,  and a t  severe con- 
di t ions  the l i q u i d  Jp-4 f u e l  is considerably  the  poorest. This f igure  
shows the benefits   derived from using vaporized fuel at the  present 
s t a t e  of  the art of combustor design.  Therefore, improved combustion 
performance may be  expected at c eve re conditions when fuels  are  vaporized 
i n   a c t i n g  as heat sinks.  

Another  comparison  between two of these  fuels  can be made from data 
presented i n  reference 15. Propane  and  ethene were among the fue l s  that 
were tested,   and data are shown i n  the  following t a b l e   f o r  two severe 
conditions of v/m: 

Combua t ion  eff ic iency,  
percent 

V/PT = 125x10-6 V/PT = 223X10'6 

Propane 80 
Ethene 97 79 I I 62 

The combustor  used i n   t h i s  work ( r e f .  15) w a s  smaller and  not a0 highly 
developed as that used i n   t h e  work of reference 14; therefore,   the ef- 

f igure 6. However, ethene gave considerably  higher  efficiencies  than did 
propane. 

- fic-lencies listed in   t he   t ab l e   fo r  propane a re  lower than  those shown i n  

- 

! 

I 
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. 
The performances  of methane  and propane i n  an  emerimental  annular 

combustor have been compared (NACA unpublished ds t a ) .  Both f u e l s  gave 
subs tan t ia l ly  the same combustion e f f ic ienc ies  up t o  a combustfon sever i ty  
parameter value  of 20OX10-6; a-kmore severe  conditions methane  gave lower 
efficiencies  than  propane. It w a s  eblso found that the  combustion s t a b i l i t y  
limjlts i n  terms of fuel-air r a t i o  were narrower f o r  methane than  for  pro- 
pane; this could  be  anticipated from the somewhat narrower  range of flam- 
mability limits shown f o r  methane i n  table I. -. I 

High fundamental flame velocity is a desirable property  for  turbojet  N ,  
fuels  ( r e f s .  15 and 1 6 ) .  Wide flammabilFty limits should  extend combustor 
s tab i l i ty   ranges .  However, inspection of table I shows that a l l  the fue l s  
except  ethene  have similar fundamental  flame  velocities, and for  most of 
the fuels  the flammability  ranges  in terms of f u e l - a i r   r a t i o  do not   differ  
greatly. From these fundamental  considerations  and  from  the  single- 
combustor datxpreviously  cited,   i t-appears that ethene should give 
the highest eff ic iencies  at severe combustion  conditions  and that J P - 4 . -  

fuel,  because it alone is injected as a liquid,  should  give the lowest. 
The other fuels should be nearly the same, although methane may be 
s l i g h t l y  the poorest of the remaining f i v e   f u e l s .  This conclueion fs 
necessar i ly   qual i ta t ive,   s ince a quant i ta t ive comparison could be made 
only if a series of combustion chambers were designed  and  developed, 
each t o  give optimum performance w i t h  a spec i f i c  fuel. 

0 

Besides combustion efficiency, f u e l s  must also be considered as t o  
. .  

their probable coke-  and  smoke-forming tendencies. These undesireable 
properties  increase wi th  increasing  aromatic  content  and with decreasing 
v o l a t i l i t y   ( r e f .  1 7 ) .  A l l  the fuels  except  the J€”z f u e l  should be 
clearly superior   to  Jp-4 fuel as t o  their coking  and smoking tendencies, 
since they are a l l  more v o l a t i l e  and  have lower aromatic  contents. The 
JP-z f u e l  is lower i n  aromatics  than the JP-4 f u e l  b u t  l a  less volat i le .  
These two e f f e c t s  m i g h t  nearly  cancel  each  other  out making JP-z and JP-4 
f u e l s  much the same i n  regard t o  coke  and smke formtion.   In   general ,  
low-molecular-weight fuels  should  present no new problems I n  this regard, 
and a l l  b u t  the Jp-z f u e l  should  greatly ease combustor cokLng and 
smoking problems. 

Low-molecular-weight hydrocarbons  have  been shown t o  be  clearly 
superior  to  the  conventional  JP-type fuels in  heat-sink  capacity and 
equivalent   or   s l ight ly  better i n  both  range  and  combustion  characteristics. 
The greatest objection  to their  use  would l i e  i n   t h e i r   v e r y  high v o l a t i l -  
i t y ,  which would requtre  that they be handled at either high  pressures, - 0  

low temperatures,  or  both. The degree of dif‘ficulty i n  using the fuels 
considered  herein would vary  greatly. Methane, with i t s  low c r i t h a l  
temperature, would have t o  be kept  very cold, while aviation  gasoline - 
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c 
would require only some tank pressurizat ion at high  a l t i tudes.  This 
section  diacussea some aspects  of  the  fuel  handling  problems  associated 
with low-mlecular-weight  hydrocarbons. 

Aircraf t   Fuel  Tank 

Three fac tors  must be considered  in  the  design  of the Insu la ted   fue l  
tanks  required  for low-molecular-weight  hydrocarbons. F i r s t ,  the in- 

8 f l i g h t  rate of f u e l  vaporization must not  exceed  the r a t e  tha t  f u e l  i s  cu 
d consumed and preferably  should be a small fract ion  thereof .  Second, i t  

would  be des i rab le   to  have suff ic ient   insulat ion so tha t  t he   a i r c ra f t  
could  be  held on the runway a reasonable  length of  time  without  excessive 
f u e l  loss. And third, the  weight  and volume of insulat ion are detrimental 
t o   a i r c r a f t  performance  and  should  be  kept t o  a minimum. For this analysis  
it was 8SaUmed that the fuel   tanks were cylindrical   bodies wi th  hemi- 
spherical  ends  and that expanded polystyrene was  used  as  insulatfon. This 
material  has a density  of 1.3 pounds per  cubic  foot and a thermal con- 
duc t iv i ty  of 0.010 and 0.020 Btu per hour per  square  foot a t  -250° and Oo F, 
respec t ive ly   ( re f .  18). The interceptor  tanks were  assumed t o  be 5.0 f e e t  
i n  diameter  and  the bomber tanks 8.0 f ee t .  Tank lengths  varied wi th  the 
density  of the f u e l s  and  ranged from LO t o  2% feet for   the  interceptors  
and  from 26 t o  52 f ee t   fo r   t he  bombers. 

1 
- 

- Preliminary  calculations showed that less than 1/4 inch of  expanded 
polystyrene was suf f ic ien t  t o  keep f u e l  vaporizat ion  ra tes  far below the  
engine  consumption rates for  a11 f u e l s .  The gain  in  range  obtained  In 
reducing  insulation  thickness to lese   than 1/4 inch is wel l  below 1 percent 
for  these  a i rcraf t ;   therefore ,  1/4-inch insu la t ion  was used f o r  a l l  the 
f u e l  tanks  considered  herein. 

Heat-transfer  calculations were made fo r  the Mach 2.5, 65,000-foot- 
a l t l t u d e  condition  using methods stutilar to  those used in reference 19. 
For the most severe  condit€on for  methane at a n   i n i t i a l  temperature of 
-2590 F in   the  f ighter ,  it was found that only 1 .2  percent  of the f u e l  
load needed to  be  vented  to  maintain a tank pressure of 1.0 atmosphere 
absolute. Even th i s  small amount of f u e l  need  not be vented, i f  it is 
assumed that the  fuel  tanks of these  a i rcraf t   could be pressurized  to  
2 atmospheres. This would permLt the use  of  the sensible heat capacity 
of the  fuel  as it goes  from the  boiling  temperature a t  1 atmosphere t o  
the  boiling  temperature at 2 atmospheres. Under these conditions  the 
sensible   heat   capaci ty   of   the   fuel  is severa l  times the  total   heat  leak 
through  the  insulation dur ing  flight. 

- 
A small amount of  insulation, 1/4 inch  of expanded polystyrene,  for 

example, i s  ample to  keep f u e l   l o s s e s   i n   f l i g h t  t o  negl igible  amounts for  
- all the f u e l s  considered  herein. 

I 
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The second f a c t o r   t o  be  considered is the time that &n aircraft 
can be held on the runway a f t e r   f u e l i n g  when 1/4 inch of expanded 
polystyrene is used as insulation. I n  t h i s  case only the sensible 
heae  for  a change  from 1 t o  2 atmospheres  could be used provided that 
the tanks could  stand this pressure  and that no venting  losses were 
permitted. This sensible  heat capacity was divided by the hourly  heat- 
t ransfer  rates calculated for an 80° F ambient  temperature t o  gfve 
holding times fo r   ze ro  loss of fue l .  These holding times are listed in 
table V I  f o r  the normally  gaseous  fuels. The. normally  l iquid  fuels 
could  be held indef in i te ly .   For . the   in te rceptor  these times range from 
3.8 hours fo r  methane i n i t i a l l y  a t  i ts  normal  bofling  point t o  94 hours 
for  an a i r c r a f t  fueled with propane  cooled t o  just-above its freezing 
point. The holding times f o r   t h e  bomber range from 6.6 t o  167 hours 
w i t h  the same fue l   s i t ua t ions .  

'I 

The moderate - holding. times shown i n   t a b l e  V I  a p p e a r   t o  be one of  the 
grea tes t   obs tac les   in  the use of  low-molecular-weight  hydrocarbons as 
aircraft fuels .  Aircraft   could  not be kept in  constant  readiness  without 
auxi l ia ry   re f r igera t ion  equipment. The disadvantage is much greater f o r  
interceptor  operation  both  because the holding tlmes are shorter  and 
because the pr.eparation time pr ior   to   t akeoff  is apt to .be much less. 
Cooling  the  fuel below i ts  normal boi l ing  point  is 60me help. 

Another  form of operation might be to   permi t - - the  fuel t o  be vaporized 
a t  1 atmosphere  through  tank  vents and t o  top -off the t a n k  j u s t  p r i o r   t o  
takeoff. The rate  of-vaporization  for  the  normally gaseous fue l s  would be 
as follows : 

Fuel Vaporization rate, 
percent  of f u e l  
load per hour 
Interceptor Bomber 

Methane 
Ethene 

0.9 1.5 

.4 .7 Propane 

.6 1 .o 

A f inal  consideration  in the u s e  of  liquefied  hydrocarbon  gases is 
tha t  t he  tank  outer  surfaces would be below 320 F whlle the  a i r c r a f t  i s  
on the ground.  Therefore  frost  or  ice would be col lected.  It is  not 
known whether the additional  weight so acquired would hamper a i r c r a f t  
operat  ion. 

Ground Handling  Fac%ors 

The storage  and  handling of  the normally l i q u i d  f u e l s  considered 
herein would present no  new problem,  although use  of the  isopentane- 
isohexme  blend  might require some extra  precautions because the  blend 

t 
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is  q u i t e   v o l a t i l e  (vapor  pressure  of 0.9 atm at looo F).  However, new 
types  of  storage  and  fuel  handling  techniques would be required  for   the 
normally  gaseous f uels . 

Propane is stored and t raneferred under pressure in  everyday  practice 
as liquefied  petroleum  gases. The pressures are moderately  high ( ~ 2 ~  1 

a t m  at looo F, 23 atm at 150° F) b u t  are easily managed on the ground. 
However, fue l ing   an   a i r c ra f t  would require  the propane t o  be cooled t o  
near its normal boi l ing  point   of  -440 F. This  could be done by auxi l ia ry  
r e f r i g e r a t i o n   o r  by se l f - r e f r ige ra t ion .   In  the latter case  the  l iqufd at 
storage temperature and corresponding  pressure would be  discharged  to 
tanks a t  1 atmosphere;  about half the f u e l  would be l o s t  t o  vapor  and 
half   converted  to   l iquid at -Go F if the  storage  temperature were LOOo F. 

Both methane  and ethene would have to  be s tored either as gases  or 
88 re f r igera ted   l iqu ids .  Methane would present the greater problems. 
A design and  economic study  on  the  l iquefactfon and storage  of  natural  
gas as a l i q u i d  is given  in   reference 20. The economic f a c t o r s  are as 
of 1941 and are now outdated.  Recent reliable estimates have indicated 
tha t  a w e l l  insulated  tank  holding 750,000 gallon6 of the l iquefied gas 
would now cost  about $350,000 or  about $0.50 per   gal lon;   this  lat ter f igu re  
compares not  too  unfavorably w i t h  estimated costs  of from $0.10 t o  $0.25 
per  gallon  for the storage  of  conventional l i q u i d  f u e l s .  Therefore, it 
may be assumed tha t   the   bu lk   s torage   o f   l iqu id  methane is both  possible 
8nd  not  too  expensive.  Ethene would present similar, but lesser, problems 
than  those that would be encountered  with methane. Both boil ing  point  
and cr i t ical   temperatures   for   e thene are considerably  higher  than  those 
f o r  methane . 

AVAILABILITY AND COST 

Availabil i ty  and  cost  are always Luportant  factors  in  considering 
the p o t e n t i a l  of new types of fue l s .  Rough estimates as to a v a f l a b i l i t y  
and cost have  been made and &re summa;rized i n  table V I I .  The bases on 
which they were made are discussed i n  the following  section. 

Methane (Natural Gas) ' 

N a t u r a l  gas  generally  contains  over 90 percent methane with the 
remainder  being  mostly  higher  molecular  weight  hydrocarbons.  Production 
rates, both  actual and potential,  based on reference 2 1  are l isted fn 
table V I I .  I n  1950 the   p r ice   o f   na tura l  gas a t  the well  was as low a s  
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$0.03 per  mill ion Btu ,  and the wholesale  price at d i s t a n t  consuming points  
as high as $0.21. The p r i c e  shown i n  table V I 1  is an average of  well, 
industr ia l ,  commercial,  and r e s iden t i a l   p r i ces .  

An estimate was made of the cost  of l i q u e f y i n g  n a t u r a l  gas based on 
the plant  designed  for the process  given on page  1710 of reference 5. 
This plant  can  l iquefy 4x10' cubic feet of gas per day using 2700 horse- 
power. Cost estimation was based on: (1) 300 days of operation  per 
year,  (2) a plant   cost  of 81,000,000 and an annual  depreciation, main- 
tenance,  tax, and p r o f i t  of 25 percent of this figure,  (3) power at 
$0.015 per  kilowatt-hour, and ( 4 )  $50,000 per yeax for   labor  and  super- 
vision. With these assumptione the cost  of l iquefying  natural  gee is  
$0.43 per LO6 B t u .  This cost w a s  added t o  the previously estimated cost  
of the gas  and I s  shown i n   t a b l e  V I I :  The cost  of l i q u i d  natural  gas, Is 
about two-thirds the current  cost  of Jp-4 f u e l  on a B t u  basis. 

Ethene 

Ethene i s  made by the  drastic  cracking  of n a t u r a l  gas or petroleum ' 

f ract ions.  A product w i t h  95 t o  99.9 percent   puri ty  is made which is 
used f o r  a variety of  petrochemicals. The present  and  projected  pro- 
duction of th i s  gas shown i n  table VI1 were taken from reference 21. The 
p r i c e   l i s t e d  is the median va lue  between $0.03 and $0.065 per pound given 
in   reference 21. 

Propane 

As l iquef ied  petroleum  gases t h i s  f u e l  i s  very  widely  used. Both the 
availab-ll i ty and the cost  data shown i n  table V I 1  are from reference 21. 
The coet shown is f o r  a l i q u i d  a t  ambient  temperatures. This l i q u i d  
would have t o  be cooled t o  mar its normal botling point ( -44O F) before 
it  would be usable as a n   a i r c r a f t  f u e l .  The coet of the f u e l  so cooled 
would be s l ight ly   higher   than the value shown. 

Isopentane-Isohexane  Blend 

I n  1945 isopentane  and  isohexane were produced at the rate of 55,000 
and 10,000 barrels  per  day---respectively.  Assuming the  isohexane t o  be 
the l imit ing component, the blend could have  been  produced a t  the rate 
of 17,240 barrels per day o r  2.6x10 gallons per year. The 1960 p o t e n t i a l  8 

is based on simply doubling the 1945 supply.  Probably much more could be 
made if refinery  processing were revised  to  made t h i s  blend. The cost  
estimate is based on large-quantity purchasers made by the NACA i n  pas t  
yeexs . 

! 
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Aviation  Gasoline 
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The current availability of  aviation  gasoline shown i n   t a b l e  VI1 i s  
a recent  production rate for a l l  grades ( r e f .  22). The f u e l  considered 
In this report  is aviation  gasoline  only  in  terms of v o l a t i l i t y  and w i t h  
no octane  requirement. The a v a i l a b i l i t y  of th€s material  would  be much 
greater, and the 1960 estimate is based on 20 percent of the ba r re l  beFng 
converted  into this type  of  fuel with crude  runs of 10,000,000 bmrels 
per day. The cost  shown ia   no t  that for   current   aviat ion  gasolfnes   but  
ra ther  a somewhat lower f igure  which appears  reasonable  for a fuel  without 
octane  nuder  requirements. 

JP-4 Fuel 

The cur ren t   ava i lab i l i ty  of JP-4 f u e l  is the present  production 
r a t e   f o r  a l l  types of J e t   f u e l   ( r e f .  22) .  The estimated po ten t i a l  is 
based on the assumptions used f o r  a modified  aviation  gasol€ne. The cost 
is the  approximate  current  price of jet f u e l .  

Jp-z Fuel 

The JP-z f u e l  used as an example herein i s  a special   i tem made by 
extensive  refining of a particular  type  of  crude  petroleum. As such i ts  
present   ava i lab i l i ty  is very low and its cost  high. The estimated 
a v a i l a b i l i t y   f o r  1960 is f o r  a highly  refined  kerosene-type f u e l  assuming 
that  it could be made t o  the extent of 5 percent from a l l  crude sources. 

Comparison Among Fuel8 

A comparison of   avsi labi l i ty   and  cost   can  best  be made on a Btu 
basis. fn'spection of table V I 1  shows the  estimated 1960 a v a i l a b i l i t y  of 
methane, modified  aviation  gasoline, 3p-4 fue l ,  and stable  kerosene 
(JP-z fue l )  a l l  t o  be greater than  the  current  production rate of aviat ion 
gasoline and je t  f u e l  combined. The 1960 propane po ten t i a l  is just about 
the same as this current  production rate. The probable   avai labi l i ty  of 
ethene  and the isopentane-isohexane  blend  are much lower. However, the 
very  h€gh ava i l ab i l i t y   o f  methane is fo r  a gaseous f u e l ;  the amount of  
l iquefied  natural  gas which  could be used  would  be  very much less unless 
a major e f f o r t  were made towards b u i l d i n g  l iquefact ion  uni ts .  Also a 
factor  is the f a c t  that the essential   non-aircraft   requirements have  not 
been  considered i n  any  of th i s   p resenta t ion .  

AB to  cost ,   both methane  and propane  appear qu i t e   a t t r ac t ive  and a re  
cheaper  than  current  jet f u e l s .  Only the cost  of 3p-z f u e l  is unusually 
high; this cost  probably is due to the  very small production of  this 
material at the  present  time. 

.i.:. 

! 
I 

1 

I 
I 

I 

! 

I 

1 

I 

! 

! 

I 

I 

I 

I 
! 

1 

I 

i 

! 

I 
I 

i 
I 
i 



20 

SUMMARY OF RESULTS 
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While i t  is qual i ta t ively  obvious  that   the  low-molecular-weight 
hydrocarbons are superior  to  JT-type  fuels as heat   s inks,   th is   analysis  
has   a t teqpted  to  compare, quant i ta t ively,   several  f u e l s  fo r  this purpose. 
It sought t o  determine  whether it may be  necessary  to go to  such  extremes 
as using,  for-exmple,  l i q u i d  methane as a f u e l  f o r  high-performance 
a i r c r a f t .  For the aircraf t ,   engines ,  and  missions  and based on the as- 
sumptions used herein, it is sham  that  cooled-turbine  engines w i l l  r equi re  
a greater heat-sink  capacity  than  current j e t  fuels can  provide.  Liquefied g; 
methane, ethene,  and  propane  can be used  even w i t h  heavily  cooled  engines 
and s t i l l  have suff ic ient   heat-s ink  capaci ty   to  meet other   a i rcraf t   needs.  
An isopentane-isohexane  blend  can also f u l f i l l  engine  requirements, b u t  
l i t t l e  sink capacity is left-for  other u s e s .  Modified aviation  gasoline 
is borderline in meeting  engine  requirements  alone,  and  the  heavier  cur- 
ren t  j e t  fuels  are  not  capable of cooling  engines  with heavy turbine 
cooling  loads. 

N 
0 

I 

I n   r e g a r d   t o   a i r c r a f t  performance  with  the  several fuels and fo r  
the  f l ight  plans  considered, it is shown that the range  obtainable  with 
the  l iquefied  gases  ia s l i g h t l y  greater than that with  conventional  fuels 
provided tha t  t he   a i r c ra f t   u sed  are each  designed  to a spec i f ic   fue l .  
This increase- i n  range is due t o  the f a c t  that  the  increased heat o f  
combustion  of the Low-molecular-weight fuels more than  compensates f o r  
t h e i r  low density. Aa t o  combustion efficiency,  the  low-molecular-weight -- 

hydrocarbons w i t h  vapor injection  should a l l  give somewhat better  burning 
character is t ics   than  current   turbojet   fuels  w i t h  l i q u i d  injection; 
ethene  should be outs tanding  in  this reapect. As t o   s t a b i l i t y  limits, 
methane may be s l ight ly   poorer   than  other  vapor f u e l s .  

* I  

m 

. . .. 

The greatest complication i n   t h e  u s e  of  l iquefied  gases l ies  i n   t h e i r  
high vapor pressure and the  necesst ty   of   using  refr igerat ion and  adequate 
tank  insulation. The insulation  requirements  in flight are  not  severe,  
and a L/4-Fnch thickness  should  suffice. However, the  times tha t  a fueled 
aircraft   could  be-held ready on  the ground is re la t ive ly   shor t ;  methane 
is especially  poor i n  th i s   regard  and in   an  interceptor  it could  be  held 
fo r  less than 4 hours on an  80° F day w i t h  no auxi l iary  refr igeratfon.  

The problem of external   ic ing of  f u e l  tanks may also be encountered 
with  refr igerated f u e l s .  The fac tors  of f u e l  l iquefact ion and  storage, 
ground  handling  and  refueling,  and  aircraft pumps and controls would 
present many new b u t  apparently  not i ~ p O 6 S i b l e  operating  problems. 

. .. . . .. .. . "" . r----"- -- - " - ." 

The cost  and ava i l ab i l i t y   p i c tu re  appears q u i t e  good for  several  of 
these f u e l s .  The a v a i l a b i l i t y   p o t e n t i a l   f o r  methane 88 natural   gas is 
very high, although a major e f f o r t  would be required  for   l iquefact ion 
equipment if t h i s   f u e l  were t o   f i n d  widespread aircraft   uses.   There also 

I 
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appear to be sufficient  quantities of a l l  the fuels considered herein to 
meet any special mission  needs. 

c 

L e w i s  Flight  Propulsion Laboratory 

23 cu Cleveland, Ohio, September 26, 1956 
National  Advisory  Committee for Aeronautics 
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APPENDIX - FUELS 

The seven  fuels  considered in t h i s  report  have the following  general 
charac te r i s t ics  : 

(1) Methane, the lowest molecular w e i g h t  hydrocarbon, has one of t h e  
lowest  freezing  points (-296O F) and is the most- thermally stable of the 
hydrocarbons. It has the  highest   gas-phase  specific  heat and the  highest  
l a t e n t  heat of vaporization  and is the hydrocarbon fue l   wi th  the greatest 
heat-shk  capaci ty .  It haa the lowest densi ty  and the  highest  heat of 
combustion. W i t h  a cr i t ical   temperature   of  -116O F, it muet be   re f r iger -  
ated before it can be handled  in  the  liquid  phase. Methane represents 
one extreme i n  t h i s  ana lye is   in   p rac t ica l ly  a l l  propert ies .  It is r ead i ly  
available as natural g a s .  

(2 )  Ethene was included in this analysis  because of i ts  superior 
combustion propert ies .  Its flammability limits, in  terms of fue l - a i r  
ratio, are wider and its flame speed is much greater  than  those f o r  other 
f i e l s  . For these reasons it m i g h t  y ie ld  high combust ion eff ic iencies  
and greater combuetion a t a b i l t t y  a t  severe  engine  operating  conditions. 

(3) Propane is  avai lable  a6 liquefied  petroleum  gas. It has a c r i t -  
ical   temperature of 206O F permitting it to be s tored  &B 8 l i qu id  with- 
out   refr igerat ion;  however, its vapor  pressure is high,  about 1 2  atmos- 
pheres a t  100' I?. The f reez ing  point of propane (-306O F) is the lowest 
for t he  hydrocarbons,  and its thermal   s tab i l i ty  is qui te  high. In both 
heat  of combustion  and density  propane is roughly halfway between methane 
and the convent iona l   j e t   fue ls .  

(4) The isopentme-isohexane  blend  containing 42 w e i g h t  percent  iso- 
pentane i s  believed t o  be one of the lowest  freezfng  binary  blends of 
normally  liquid  hydrocarbons. A s  such it could be cooled to   very  low 
temperatures if added heat-sink capacity was needed with a normally  liquid 
fuel . 

(5) Aviation  gasoline is  the lowest  freezing  and most v o l a t i l e  of 
the  convent ional   a i rcraf t  fuels. It would have a greater  heat-sink 
capacity  than  current j e t  fue ls ,   espec ia l ly  if it were precooled to a 
low i n i t i d  temperature and allowed t o  vaporize when ac t ing  as a heat   s ink.  
The availabnity of aviat ion  gasol ine is somewhat l imited and the  cost  
moderately high because of octane number requirements. However, there  
would be no such  requirement f o r  turbojet   use ,  and t h e   f u e l  proposed 
herein is aviation  gaaoline  only  in  terms of v o l a t i l i t y  and not  in  terms 
of knock ra t ing .  A s  such it should be readi ly   avai lable .  It- represents 
a f u e l  w i t h  propert ies  that are qui te  faqiliar t o  the airframe and petro- 
leum industr ies .  . . .  
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(6)  The JT-4 f u e l  used  herein as the   reference  fuel  is the  average 
qua l i ty  JT-4 f u e l  of reference 1. Recent  experience  with th i s   type  of 
f u e l  has shown t h a t  many batches have heat-s ink  capaci t ies   insuff ic ient  
t o  meet some current  needs. When hea ted   to  between 300° and 400° F in  
turbojet   oil- to-fuel  heat  exchangers,  many fue l s  form solid  degradation 
products which  impair  engine  performance. I n   t h i s   r e p o r t  it is assumed 
that t h e   f u e l  is moderately  stable  and can be  used up t o  400° F without 
trouble.  This JP-4 fuel   then  represents  a good, but  not  outstanding, 
current j e t  fue l .  

(7) The fuel  designated as 3p-z has a boiling  range  of 438' t o  548O 
F and an M I  gravi ty  of 34.5O. Aromatic content is very low (2 percent) 
and  naphthene (cycloparaffin)  content  very high. The JP-z f u e l  has a 
very  high  thermal  stabil t iy,  as indicated  by  outstanding  performance in 
a p ro to type   s t ab i l i t y   t e s t e r .  While the  availability of t h i s   p a r t i c u l a r  
material  is l imited,  F t  is probable   that   fuels  of equal   thermal   s tabi l i ty  
w i l l  become widely  available through continued  research on t h i s  problem. 
The Jp-z fuel  then  represents  the  thermally  stable  fuels which  can  reason- 
ably  be  expected  within  the  next few years. 

The properties listed in t ab l e  I were derived  from  the following 
sources: The freezing  points ,   boi l ing  points ,  and cr i t ical   temperatures  
of the single-component fue l s  are from reference 2. The freezing  point  
of the  isopentane-isohexane  blend was estimated  from  cryoscopic  constants 
given in reference 3, and the   f reez ing   po in ts   for   the  Jp-4 and JP-z fue l s  
are experimental  values.  Aviation  gasoline  has a poorly  defined  freezing 
point; it slowly becomes  more cloudy  and more viscous 86 the  temperature 
is lowered. It w a s  assumed tha t   t h i s   fue l   cou ld  be  used down t o   t h e  
temperature a t  which the   v i scos i ty  is 15 centistokes.  This  temperature 
is about -160' F and is used as the  lower limiting value.  Raoult's l a w  
w a 8  used to   ca lcu la te   the   bo i l ing   po in t  of the  isopentane-isohexane  blends. 
The bo i l ing   po in t s   l i s t ed   fo r   t he  commercial f u e l s  are the  bubble  points 
at 1 atmosphere from equilibrium  flash  vaporization  curves. The c r i t i c a l  
temperatures  of  the multicomponent fuels   are   es t imated by the  method given 
in  reference 2. Heats of combustion f o r   t h e  single-component f u e l s  and 
for  the  isopentane-isohexane  blend were taken  direct ly   or   calculated from 
reference 3; for   the   o thers   the   an i l ine-gravi ty   cor re la t ion   ( re f .  1) was 
used. The several  combustion propert ies  that are l i s t e d  were taken o r  
estimated  from data given in the  appendixes of reference 4. 

Figure 1, showing enthalpy-temperature  relations, w a s  developed 
la rge ly  from the   p lo ts  and correlat ions  of   reference 2 using  data  from 
reference 5 t o  fill in  the  lowest  temperature  portions  of  the methane, 
ethene,  and  propane  curves.  For  figure 2, the  vapor-pressure - temperature 
curves f o r  methane, ethene, and propane were taken  from  reference 2, the 
isopentane-isohexane  pressures  calculated  from  Rsoult's l aw,  and the  curves 
f o r   t h e  commercial fuels   taken from  reference 1 or  estimated by methods 
given  therein. The density-temperature  relations of f igure  3 were, f o r  
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the  s ing le  c o m p o n e n ~ ~ ~ . l ~ _ ~ - ~ ~ ~ e - ~ p e n t a n e - i s o h e x a n e  blend,  taken 
d i r e c t l y  o r  estimated  from  reference 2; fo r  the  othere,   equation (4 )  of 
reference 1 was used. The dashed-line  portion6  of  the  ethene and propme 
curves are l inear   extrapolat ions beyond the  lowest  temperature data 
available. 
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SpeciPic  gravity, 6Oo/6O0 

Freezbg  polnt,  bp 
Boiling  point, 9 
C r i t l c d  temperature, OF 

Net heat of combustion, 
Btu/lb 
From l iqu id  fue l  
From gaseous fuel 

Lean flammability limit 
Percent by volume 
m e l - a i r   r a t i o  

Rich  flanrmability  limit 
Percent  by volume 
Fuel-air   ratio 

Spontaneous ignition 
temperature, OF 

~ a x i m a  fundamental f w  
velocity, cm/sec 

Methane 

-296 
-259 
- U.6 

21,500 

4.4 
0.027 

15.5 
0.095 

"70 

37 

Gthene 

-273 
-155 

50 

20,275 

2.7 
0 -028 

z 39 
>O -41 

9 14 

75 

Propane 

-306 

206 
-44 

19,930 

2 .o 
0 A33 

11.4 
0.18 

940 

43 

?Bubble point.  
%om correlation with aniline-gr.av.ity  product. 

% m u  equation6  (27) t o  (30) (ref. 1). 
'Estimate. 
%published WCA data. 

[sopentme- 
Lqohexanel 
,lend 

0.644 

-279 
a104 
400 

19,247 
19,395 

c1.2 
.034 

c7.9 
'0.24 

40 

Aviation 
gmollne 

0.693 

a145 
500 

%9,070 
19,240 

c1.0 
co  .034 

'6.7 
' 0  .25 

a44 

JP-4 
fue l  

0.773 

az 10 
-85 

640 

b18,680 
lB,840 

C 
co .eo 
0.035 

'5.6 
cO. 26 

502 

e38 

fue l  
JP- Z 

. .  
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NACA RM E56121 __ 
TABLE 11. - mT-SINK CAPACITIES OF SElvERAL FUELS 

Fuel 

Methane 

Ethene 

Propane 

Isopentane- 
isohexane 

Aviation 
gasoline 

JP-4 

JP-z 

Initial 
temper- 
ature, 
OF 

-259 
-286 
-259 
-286 

- 155 
‘-263 

-44 
-296 

100 
-269 

100 
-160 

100 
-75 

100 
-65 
100 

Final 
temper- 
ature, 

OF 

1245 
1245 
clooo 
C l O O o  

985 
985 

855 
855 

825 
825 

780 
780 

b400 
b400 

825 
825 
800 

I 

aAbove  critical  temperature. 
bAssumed gum limited st 400’ F. 

~~~ ~ 

Vaporl- 
zation 
assumed 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 

Yea 
Yes 

Yes 
Ye0 

Yes 
Yes 

NO 
No 

Yes 
Yes 
No 

27 

r 
Btu/lb 

1320 
1345 
1085 
1110 

785 
850 

705 
830 

59 5 
770 

560 
685 

165 
240 

545 
610 
435 

Fraction of 
heat of com- 
bust  ion 

0.061 
062 
.051 
.052 

,039 
,042 

.035 

.042 

-031 
.040 

.029 

.036 

.009 

.013 

.029 

.032 

.024 

I 

I 

I 

I 

I 
! 
I 

I 

i 
i 
I 

L 

I 

I 

I 
I 

! 

C Assumed that final temperature  limited by exchanger drive temperature 
at 1000° F. 
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TABLE 111. - HEAT-SIXK REQUIREMEWIS FOR THREZ EHjIflES 

[Values in parentheses are assumed; see text. 1 

Required best-sink capacity, fraction of beat of combustion 
A ( 2 0 0 0 O  R turbine-hikt - b e  C (3000° R turbine-inlet F&ne B ( 2500° R turbine-inlet 

=a'cure and afterbmer) temperature, no afterburner) temperature and afterburner) 
A l t i t u d . e ,  ft 

Heat  8ouTce 

2.5 1.9 1.0 2 .S 1.9 1.0 1.9 1.0 Mach rider 
65,ooo 60,oOo 40,oOo 65,000 60,Mx) 40,oOO 60,000 60,WO 

Fuel pump 

.o2ei .om .mc,  .006 .006 .CQ6 Whine cooling 
( ,.002) ( .w2) ( .m) ( .OOZ) ( ,002) ( ,035) .002 .005 Fuel-oil exchanger8 
( 0 . m )  (0.003) (0.001) (o.Oo0) ( 0 . m )  (0.001) o.ooo5 0.002 

Total 0.007 0.0025 0.012 0.030 0.029 0 . m  0.008 0 . m  

%eludes lo& for alternator drive,  accessory gear box and high-capacity  lubrication pump for operating engine hy- 
draulic systm. 

. . - .. 
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1 , 

h e  1 

Methane 

Ethene 

Propane 

Isopentme- 
isohexene 

Aviat ion 
m o l  ine 

n - 4  

JP-e 

Init ial  
temper- 
B-, 
9 

-259 
-286 

4.55 
-263 

-44 
-298 

lo0 
-269 

la3 
-160 

100 
-75 

100 
-65 
100 

1 0 

TABIX W. - HEAT-SLHK CAPACITDS FEX4m FOR NOH-EblGIRE USE 

(a) m i n e  A ( 2ooOo R turbine-inlet temperature and afterburner) . 
F i n a l  
temper- 
ature, 
9 

loo0 
loo0 

985 
985 

855 
855 

825 
825 

780 
780 

bgOO 
b400 

825 
025 

b800 - 

Available 
heat sing, 
fraction of 
heat of can. 
bustion 

0.051 
-052 

.OS 

.042 

. O S  

.a2 

rn 031 .040 
.om 
-036 

.m 
-013 

.om 

.032 
,025 

T 
Por other 1 

Fraction 
i heat of 
:cmbustion 

0.044 . m 5  

,032 
. O S  

.028 
,035 

,024 
,033 

.022 

.om 

.a32 

.006 

.022 

.025 

.OB 

6E.O 
710 

560 
700 

410 
640 

420 
560 

35 
ll0 

410 
470 
530 

'3 

r t ,  ana Mach 1.0 A t  60,O 
3ink l e f t  available Engine 

uses requirmnt, 
Btu/lb 

heat of fuel 
f ract lon of 

" 

- 

* combustion 

I 

P ft, and Mach 1.9 
Sink left availfable 
for other 
Fraction 
of heat of 
combustion 

0 .a8 
.049 

,038 
.OS 

.032 

.ow 

.028 

.037 

.026 

.OS3 

e o 0 8  

,010 

-026 
.029 
.022 

he1 

- 
lo30 
Lo50 

I 3 0  
790 

640 
780 

540 
720 

5M) 
630 

110 
190 

480 
540 
4Lo 

1 



w 
0 

r -r Y. and ldach 2.5 

L 
ltu/lb 
.!X1 

1- -259 
-286 

-Is 
-265 

-296 
44 

-889 
100 

-1M) 
100 

100 
-75 

100 

loo 
-65 
- 

0. 

- 

1 
F 
F 
E 
02 
H 
0) 
P 

0 . W  

! 

I 

1 

0.061 .05e 
.Q59 
.DBe 
.m 
.WE 

.oJI .Mu 

.om 

.OS 

.OD9 

.OlS 

.m 

.OS 

.OE5 , 

.OS1 

.OX 

.m7 

.m 

.02S 

.032 

.a1 

.ma 
.011 
.w 

-.COS 
.a1 

.om 370 

.a7 320 

.ou e a  

OZZP n .  L t 

i . . .   . .  



- . . . . . . . . .- . 

L 

. .  

P b 

_ .  .. . . .  

4220 I 

1 

P 
F 

I -r 1 [nitial 
;empsr- 
Itare, 

% 

- 
-28E 
-259 

-155 
-265 

-2% 
44 

-283 
la0 

-160 
lw 

1M; 
-75 

100 
-65 
1w - 

h, nub mch 1.0 
J i n k  left avnilnble 

i heat d 
:Mbmtiu 

0.02l 
.On 
.m 
.OX 

.ae 
,012 

.m1 

.a0 

-.w1 
.W6 

-.on 
- .017 
-.w1 .002 - .MB 

or bat ce 
C m b u B t 1 . m  

0.021 
.022 

.Ol2 

.M)s 

.OD5 

.OX 

. Wl 

.010 

-.w1 .ow1 
-.021 - ,017 
"001 .ow - ,035 

t I .am 
.Ox5 

.m 

.Oll 

0 
,007 

-.020 - .ou I I 1 

" 
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TABLE VI. - RUIWAY HOLDIFG TIME - . I  .. .". - 
BEFORE FUEL VAPOR PRESSURE EXCEEDS 

2.0 AWSPHERES ABSOLUTE 

[Ambient temperature, 80' F] 

TABLE V. - EFFECT OF FUEL VARIABLES ON AIRCRAFT RANGE 

Fuel I I n i t i a l lA i rc ra f t   r ange  relative t o  that I 
. . . .  

temper- 
a ture ,  

obtained w i t h  Sp-4 f u e l  a f ~ l 0 O O  F 
With engine BI With  engine C 

Inter- I Bomber I Inter- 1 Bomber 
ceptor ceptor 

JP-4 81.00 81.00 81.00 81-00 Loo 
-75 a1.01 a1.02 9.01 81-02 

1 1  -286 10.6  17  -9 Ethene 1 -263 I 1.U I 1 . 1 2  1 1.10 I 1.11 I -155 1.10  1.10  1.07 1.11 

Propane 
-296 

-44 

100 - 269 

100 
-160 

1 .os 
1.09 

1 .02  
1.07 

1 .os 
1.06 

1.07 
1.09 

1.04 
1.06 

1.03 
1 .os 

1.07 

1.05 1.07 
1.04 1.03 

1.07 1.09 
1.04 1.03 

l .m 1.12 
1.0? 

Iaopentane- 
iaohexane 

Aviation 
gasol lne 

JP-z I 100 I 1.02 I 1.01 I 1.02 I 1.01 I 
100 ao.99 a1.m 43.99 a1.00 
- 65 1.01 1.03 1.02 1.03 

c 

?Fuel  reaches  engine in  l l q u i d  phase. A l l  o ther  data 
with  fuel  reaching  englne in vagor phase. 

TABLE VII. - ESTIMATED AVAILABILITIES AND coam FOR SEVERAL FUELS . ." 

F u e L  . unit 

Methane (natural   gas)  cu f t  
Methane RE l i q u i d  g a l  

Ethene 

Aviation  gasolinea 

gal Isopentane-isohexane 

gal- Propane 

l b  

gal 

l l v a i h b i l i t y  pe r  year 
Potent ia l  

Current or 
recent   cost ,  

dollars 
-Per I Per 

Year Units 
Actua 

1954 

1954 

1 . ~ 1 0 1 3  

2x109 

L954 

1945 

5.0x1O9 

2. 6X108 

1956 

1956 

3 .3x109 

2 .7xLo9 

unit 
Btu 
106 

1.1X1016 0.45 0.0004 l . 5 X 1 O l 6  1.5X101s 1960 
.OS5 .88 

4X1013 

1.25 .E 3 X 1 O l 5  3X1O1O 1960 

1.40 .15 3X1OL5 3U1O1O 1960 3.7)(d4 

1.90  .20 5 X d 3  5X108 1960 2.7x10l3 

0.65 .OS5 6X10l4 7.3X109 1960 C . 2 X J d 4  

2.40 .0475 8X1OU 4X1Og l962 

"""" 7 . 5 0  1.00 1x1015 8x109 1960 " " 1  """" 

*Current product ion   baaedsn  true aviation gasoline;  potentFa1  production  (1960) and cost  baeed 
on fue l   wi th   av ia t ion   gaso l ine   vo la tLl i ty   bu t   wi th  no octane number requirement. 
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(a) Methane. 

Figure 1. - Enthalpy as function of temgemture (enthalpy base at Praczing point)  .’ 
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" 
-300 - 200 - 100 0 Loo ZOO ,300 400 500 

Temperature, OF 

(b) Ethene. 

Figure 1. - Continued. Enthalpy as function of temperature (enthalpy baee 
at-freezing p o h t )  . 
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Temperature, 9 

Temperature, OF 

(c) propane. 
Figure 1. - Continued. Ehthalpy as function of temperature (enthalpy  base 
at  freezing point). 
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Temperature, 9 
500 600 - 700 800 900 1000 

ll0C 

900 

800 

700 

400 

200 

Temperature, "F 

(d) Isopentane-isohexane  blend. 

Figure 1. - Continued.  Enthalpy as funct ion of temperature  (enthalpy  base 
at freezing  point). - 
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Temperature, 9 
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t Temperature, '?F 

(e) Avia t ion  gasoline. 

F i g u r e  1. - Continued. Enthalpy &B f'unction of tempera ture   (en tha lpy  base 
at f r e e z i n g   p o i n t ) .  
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-100 0 LOO 200 300 400 500 600 700 
Temperature, '?F 

(f) JP-4 fuel. 

Figure 1. - Continued.  Enthalpy as function of 
at freezing  point) .  

temperature (enthalpy base 
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(g) JP-z fuel. 

Hgure 1. - Concluded. Enthalpy as function of temperature (enthalpy base 
a t  freezing p o ~ t )  . 
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Figure 3. - Temperature-density  relations for several fuels. 
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Figure 5. - T!berma2 cracking  rates  for  several fuele. 
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