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INTBODJOTI ON 

It i s int ended here to tel l you the scope and natur e of the combus­
tion research at NACA and to indicate t he status of results in this field. 

Combustion as r elated to aircraft pr opulsion is the conversion of 
chemical energy stored up in the fuel t o heat energy t hat can be converted 
to useful power. The major combustion problem in all jet and gas turbine 
engines is to generate efficiently tremendous quan t it ies of heat energy f rom 
t he fUel in a small volume and in a short space of time . Just for e~ple, 
present-day gas turbine combustors ~eh as these (point to di splay) , re­
l ease about the same amount of heat that a large steam locomotive do es. 
There a r e , of course, important attendant problems. Loss of engine cycle 
pressure in the combustion sys t em must be kept l ow. Combustion equi pment 
should be light weight and durable. Flexi bility of opera tion , especially 
at lI off-design" points is desired. And there a re still other problems. 
As is so frequently the case in engineering, compromises are required i n 
t he satisfactory solut ion of all of these problems , some of which are 
conflict i ng. To i llustrate the sor t of work t hat we a r e doing currently, 
we shall di scuss some of these problems a s they are encount ered in di f f erent 
combustion systems. 

BAM JET 	 COMBUSTION 

Consider f irst, for example , combusti on in one of the least mechanically 
complicated sys t ems - the ram-jet engine. As you know, the ram-jet is t hat 
celebmted IIflying s tovepi pe" (Fig.'Z.3). The ram-je t mus t be launched and 
accelerated by SOMe external means. When the r~jet i s up to speed, i ts 
f orward motion is us ed to gather air and this air i s compressed by being,< • 	 
slowed down f rom supersonic through the speed of sound to subsonic velocity 
in a diffuser, a sect ion of duct that is fi rst contracting and then ex­
panding•• 

It is this ll ramming" of the a i r into the diffuser that gives Uf' the• 
compression that any heat engine needs. In your automobile, a piston per­


J '. forms this function. The compression rat io in a r am-jet depends on its 
 
speed; it should be a little less than t wo to one at the speed of sound, 
 

looC 
and will increase t o about eight to one at twice the speed of sound and to 
 
abou t thi rty-six to one at a flight Mach number of three. Fuel is sprayed 
 

'<{ into the compr essed air here. The fuel mi xes with the a ir and burns here 
on a flameholder t hat we will discuss later. The hot gases expand t err i fically"' . and since they can't flow out against the high presStlre "rammed" into the 
engine , they flow out at very high velocity into the l ow pressure r egion 
of t he exhaust nozzle. The resulting momentum of this exhaust jet drives 

'" the engine forward. (Show all this on Fig.t\ ). Simple, N6 moving parts. 

'" Although the air inside the ram-jet is slowed down, it ien't stopped. 
FUel must be burned eff iCiently in an air stream flowing at as much 

.. 
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" 
"f • 	 as 300 fee t per second, and in mixtures near chemically correct wher e the 

highest possible temperature is obtained. 

Now most flames can be blown out . (Light a match and blow it out) . 
Some easily. You must do more t han spray fuel into an air stream and light.. '" . 
it to have a r am-jet combustor. Here i s an air-duct wit h a window, a fuel 

• .t, spray, and a spark-gap f or igni tion. This -gage tells the ai.r vel ocity 
into the duct. Note how easily the flame is blown out of the duct and at 
l ow air velocities. (Demonst rat e by increasing velocity to blow-out. Note 
where the gage stopped - 50 f ee t per second." 

... 
Introduction of a flame holder, such as this one (Show), by creating 

turbulence and s tagnant regions permits flame to be held to much higher a ir 
veloci t ies. Because it has no mechanical compression, but depends onl y 
on ram, the ram- jet cannot tolerate much l oss of its hard-wo n cycle pressure 
in the combustion process. Nevertheless , something l ike t his is needed to" 
hold the flame in there. 

~ 

.. , The gases are hot enough to heat this me tal rod to incandescence quickly. 
Blow-out is po s sible~ but a t high air veloci ty . (Demonstrate by increasing 
velocity to bl ow-out). Note where the gage stopped - 180 feet per second. 

) 
Right here is the probl em: To maintain ef f ici ent combust ion at 

velocities of a s much as several hundred feet per second but without bloc~ 
lng too much of the duct . This is desired so that high thrust can be ob­'" 
tained. 	 This char t for a typical ram- jet combustor amplifies the situa t ion:r .,. 
(Fi g. 2Y) The plot i s the velocit y of the air entering the combustor versus 
the fuel air ratio - lean here, r ich here. The curves are the blow-out 
limits of a t ypical ram-jet a t a simulated flight Mach number of 1 at sea.

" 	 level and at 10,000 f eet. In this a r ea, combust i on can be maintai ned , i n 
thi s area, blow- out occurs. For any given inlet conditions , a limi t ed range 

~ > 	 of fuel-air ratios where operation i s possible exists. Stable combustion 
over a range of fuel-air rati os is desir ed so that operation over a range 
of thrusts and speeds is possible. Note how much narrower the operable 
region is at a ltitude. By utilizing variable pressure and var iable t emper­
eture a ir supplies and l ow pr essure exhaus t sys t ems such as exi s t here a t 

... Cleveland ram- jet combustion can be s tudied over the ent i re speed-altitude 

spectrum of interest. The problem is to widen the operational limits for 
 , -, 	 

t he ram-jet combustor, and especially to keep them from shr i nking at 
 
altitude, by discovering and then applying appropriate design rules. 
 

High combustion ef fici ency is als~ d~red 80 tha t range will not be 
short ened by was ted fuel. This chart~~!~w8 combustion effici ency plotted'" 
a~inst fuel-nir rat io at sea l evel Rnd at 10, 000 f eet. Combustion , " efficiency decreases as al t itude i ncreases and as the a ir for combustion 
gets th inner and colder . Again t he problem i s t hat of l earning design 

.. 	 criterions fo r flame hol der s and fuel in jectors that will result in hi gh 

combustion ef ficiency. Here are some examples of the types of combustor 

that have been investigated. (Display). 


One further ram-jet problem is created by the fact that enormous 
quantities of air are required for research and development of full scale 

"" 
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combus t ors. Although this labor.at or,r has sufficient air handling capacity,. , now to do research on fu l l-scal e ram-je t s, industry does not have snch 
facilities . Consequently, it is important to know whether design princi­
ples that work in small units will be applicable in large units. Scale.~ 

and simili tude are being investigat ed i n 4, 8, 12, and 20- inch d iamet er 
~ combustors. 

Now that we have consider ed a meChanical l y Simple oombustion sys tem, 
Mr. Childs will continue the discussi on with a consi deration of some 
combusti on problems encountered in a different sor t of sys t em - the ai r ­• craft ~s turbine. Mr. Childs. 

GAS-TURBINE COMBUSTION 

The combustion problems encounter~d in gas-turbine engi nes - turbo jets, 
and turbopropeller engines are no t all the same as the problems in roam-jets . 

" In the turbine engine as in the ram-jet, fuel must burn eff iciently in a 
high-velooity air s tream with low pressnre loss, but some really big differ­

,. 
•. 	ences exist. For example, the combus t or ou t l e t t empera tures in the 

turbine engine must not exceed values harmful to the turbine blades. This 
i s in cont rast t o the ram- j et , wher e final t emperatures are required whioh 
are about three or f our times a s high as for t he gas tur bine. The relativel7 
cooler combus t or -out l et gases of the gas-turbine are achieved by r apidly mixing 
di luti on ai r with the combusti on ~8es before the ~ses enter the tur bine. In 
general, all gas turbine combustors operate on the same principle• 

, 	 
• 
~ F i~re 2G shows a cross s ectional vi ew of a t ypi cal gas tur bine combust or. 

This combusto r is situated downs t r eam of t he compr esso r and ups t r eam of the 
turbine. One of t he turbine blades is shown. Air enters at the upstream end 

• 	 of the combus tor and passes into the combustion zone through many perforations 
in this liner. Fuel i .s i njected in a f i ne spr ay by means of an a t omizing 
nozzl e. The a ir which enters a t the ups tream end of the liner serves t o burn 
the fuel and i s cal l ed pr i mary air. The secondary air which enters farther down­
s tream serves to dilute the combustion gases and reduoe t heir t emperature to 
values which can be tolerated by the turbine blades~ The passage of the 

~ air through these perforations results in pressnre los s , but because compression 
is performed mechani cally, more pressure loss is acceptable in a turbine engine 
combustor than in a r~je t combustor. 

, -< 

On your right are combustors from some ac tual gas turbine engines . This 
is a can-type combust or, disassembled so that you can s ee t he component parts: 
the fuel nozzle, the liner, and the housing. Several of these cans arranged 

'( 	
around the compr essor- tQr bine shaft constitute t he compl ete combusto r in 
the engine. This i s a combustor liner simi l ar to t hos e us ed in gas 
turbine engines but made especially to fit into our combustor housing. A 
liner identical with this, but haVing one side cut away so that you can 
better view the combust i on process, has been installed in our combustor housing.

• 	 The fuel spray nozzle extends through th i s hole and the spark plug extends 

through this hole. The liner which is installed is in this position and air 

flow is in this direction. This combustor will be operated to illustrate the 

gas turbine combustion process• 


• 
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l' 
The combustor is now operating at conditions which are typi cal of 

~ those encountered in a ~s turbine engine. The velocit y is somewhat 
lower than the velocity at t ained with the ram-jet combustor. Note the 
sho r t flame length. Little or no burning occurs downstream of this plane• . . Most of the burning occurs in t he upstream end of th e combust or. The 
principal process occur r ing in the downs tream end is mi xi ng of the dilu­·, 
tion air wi th the hot combustion products. This short f lame length is 
required in this t ype of combustor because the combustor must be short 
in order that the shaft connect i ng the compressor and the turbine will 
in turn be short and therefore of light weight. This t ype combustor 
normally gives a higner combustion efficiency than a ram-jet combus t or . -
This higher combus t ion efficiency and shorter flame length resul t in part 
from the high degree of turbulence Which is creat ed in the combus t ion zone 
by passage of j ets of air through t he holes in the l iner. Note the turbu­
lence in the flame zone. 

~ 

Early research at this laborato ry on gas tur bine combustors was aimed 

at finding the causes and cures for low-al t itude operational limits and
" low combusti on eff ici ency. This first phase of ~s turbine combustor 


• 
• research bas been successful to a large degree. Some of you will r ecall 


our summary of t hi s work a t last years inspect ion. However, another 

problem was a ggravated in t he process. That is the problem of maintaining 

a preferred temperature profi le across t he combustor outlet . A considera­

tion of t he stress a long a turbine blade as a result of centrifu~l f orce 
and t he s trength of t he blade materia l a t diff erent t emperatur es leads to

• a pref erred tempera~re dis tribution from the bl ade root to tip of the 
Bort shown in figure 27 . Temperature i s plotted on this axis . This 
point corresponds to the root of the bl ade; thi s point corresponds to the 
tip of the blade; various points in between r epresent corresponding 
positionS a l ong t he length of the blade . The t emperature which the blade'" 
can withs t and increases progressively from the root t oward the tip of the 
blade , wi t h a decrease in t emperature at the t ip i n order to avo i d overheating 
the engine housing. This is what we want. An example of an undesirable 
t emperature distr i bution is shown on the upper pati on of this figure. 
This is what we don't want. A temperature dis tribution of this sort fre­
quently leads to blade fai lure. This i ncor rect diltribution of t emperatur e 

.. 	 1s easi ly encounter ed. Wi th i ncor rect distribution of t emperature i nto 

the turbine, either the life of the engine is shortened, or its thrust wi l l 

be lowered and its fuel consumption increased as a result of th e engine 

being operated a t lower temperatures to avoid turbine failure. Cur rently, 

effort is going toward findi ng deSi gn cri terions t hat when applied will 

help to product this cor r ect distribut ion of t emperature. This r esearch 

has been successful in t hat several methods have been devised for ob­
• t aining the desired temperature distribution. As indicated here, changing 
the shape of the perf orat i ons whi ch admi t the secondary a ir is one method 
of obtaining the correct temperatur e di stributi on. 

.. Also active at present is an investigation of fuel sprays and the role 
of fuel atomization in ~s turbine combustor performance. Figure 2tl illus­

~ 

trates and points up one of the problems. Combustion efficiency is 
f .. 	 plotted a@8inst temperature rise through the combustor. The chart is for 

a turbojet combustor operating at high altitudes, a severe condition for 

.. 
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~ 

good combustion as is noted by the generall y l ow values of combust i on .. 
 ef f iciency shown. A fixed value of temperature rise is requir ed for each 
flight condition, with high temperature rise requi red for high engine rotor 
speeds. At low temperature rise , highest efficiency is obtained with a 
small nozzle, wher eas h igh t emperature rise canno t even be obta i ned unless 
a larger fuel no zzl e i s used. Therefor e , i n an engi ne , where th is enti r e 
range of temperature ris e must be covered, the need for a variable fuel 
nozzle is evident . This is only one of several significant findings to 
come from this study so far, but it is illustrative of our results. 

TAIL PIPE BURNING 

Although we have di scussed the pri mary combustion process for turbine 
engines, auxiliary combustion is also of interest f or special a pplications. 
For example, by burning fuel downstream of the turbine of a conventional 
turbo j et engine it is possible to obtain higher ~s t emper atures in the 

.. 
	 eXhaust jet than can be withstood by the turbine. Thi s increases the 

thrust of the engine. Thrust augmentation by tail-pipe burning, as it is 


~ called, is useful for take-Off, emergency bursts of power , and supersonic 
f light • 

.; The combus t ion probl em in tail-pi pe burni ng is similar to that of the 
ram- j et - retention of f l ame in a high veloci ty ~s stream. The problem 
differs from t hat of thg ram- jet in that combus tion occurs in an ai r stream 
that is hot , about 1200 F, and that has been alter ed in composi t i on by 
part ial consumption of the oxygen in the primar,y combus t ion process. 

Operational characteristics and design f act ors of tail-pipe combustion 
sys t ems are be ing s tudi ed in full scale engines operat ad in t he alt i tude 
teet fac i lities of the laboratory. Figur e ~q i l lustrates one of the 
problems encounter ed: blow-out at alt itude. Alti tude is plo t ted against 
flight Mach number. t.ahll h ••ui, Ute'!,e!' sf j ail. This curve 
separates the range of flight conditions where the tai lpipe burner would 
blowout from th e range of flight conditions where burning could be 

i ~ maintained. This curve shows the operati onal limits obtained wi th one of the 
early tai l -pipe burners invest i ga ted at this labora tory. We are currently 

'" engaged in the pro ject of increa sing this altitude oper.ational limit. 
1'< 

We will now consider other phases of our combustion r esearch, and 
Mr . John Sloop will conclude the discussion wi th a consideration of rocke t 

.. probl ems and fundamental combustion s tudies• 

" ROCKET RESEA.RCH 

The rocket engine is power in concentrated form. While other engines 
use air, which i s SO percent inert , rocket engines use fue l s and oxi dants 

'" 	 that are 100 percent chemically active. It is thus easy to understand 

why the rocket is the most compact and powerful of all types of engines 

now availabl e . 


.,. He. d.,·,pia'l b04Y~ (~ e e fAoto~ '(ap h C-22.3'f3 J "n ~t-PQ ~ e ) 
On the upper left side oflt Flgiire:- is a section of a laboratory r ocket 

engi ne using liquid propellants. The f uel and oxidant are injected, mixed 
~ 
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and burned 	in the combustion chamber, and the hot ~ses are expanded through 
the nozzl e 	to produce forward thrust. This is a very small rocket engine 
yet using high-per formance propellants it could propel l a 200 pound missile 

~ >r 	 to a speed of 5000 miles per hour and devel op over 10 , 000 horsepower. 

I , Figure 3D i llustrates the i mpo r t ance of high-performance fuels and 
 
oxidants. Shown on the bottom scale is pounds thrust developed for every 
 
pound of fuel and oxidant consumed pe r second; this is called speci f i c 
 
i mpulse and it is an important factor in comparing rocket propellants. 
 

, # Rocket's in use at the present time bave a specific i mpulse l ess than about 
225. For example, the V2 which uses liquid oxygen and al cohol as pro ­
pellants, has a specific i mpnl se of about 200. The vertical scale is 
relative fl i ght range; that i s , relative to the range of the V2 which is 

~ 

taken as unity. We see that a fuel-oxi dant combinati on giving a speci fi c 
i mpulse of 340-about 1-1/ 2 times the specific impulse of the V2- could 
t r i ple the range of the V2. NACA propellant r esearch is concentra t ed in 
hi gh- per f ormance region. Fuel and oxi dan t combinations shown by theo­

} 	 r et i cal calculations and other considerations t o be of potential advan tage 
 
are being experi mentally evaluated in rocket engines. Exper i mental r e­


~ 

su]B already obtained at the laboratory, if applied to a rocket missile 
 
similar to the V2 , could more t han double t he range of the V2 . Other 
 .. combi nat i ons are being evaluat ed t hat will gi ve much higher ranges• 
 

Concurrent wi t h the pr opel l ant resear ch , the l aboratory i s s tudying 
the mi xing and combustion processes in a rocket engine. For the rocket 
engine previously mentioned about three quarts of liquids are injected 

of 	 every second and during that second t hey must mi x thoroughly, burn and 
be expell ed. One line of a t tack on this problem has been high-speed . I 
phot ography of rocket combustion. The center rocket shown ~ f!@i~ o~i~e ~S?~~ 

, y 	 
is a transparent rocket engine used fo r such work. The plastic walls o~y 

v 	 erode only s l ightly during t he few seconds needed to obtain t he photo­

graphs. By t his t echnique several nethods of propellant i n jection have 
 
been s tudi ed by mot ion pictures taken at a rate of 3000 f rames per second 
 
and recent ly some motion pictures wer e obtained at a rate of 40,000 
 

, > 	 
froames per second. 

~ 

Combustion t emperatures i n hi gh-performance rocket engines are very" high/over 50000 F- and ordinary methods of cooling a r e not good enough. 

'{ 	 A promiSi ng method of cooling under i nvestigat i on by the labor a tory is 
 

internal film cooling where a layer of coolant is mai ntained on the inner 
 
..( 

surfaces of the engine and in dir ect contact with the hot gases . Experi ­
 
mental resul t s obtained by the laboratory show this method of cooling to 
 

y be very ef f ect ive, pr ovided a pro~:rtiis~ri~ti~ of the coolant is ob­

tained. The third rocket engine Ie "'ll 't1l~ o""~hows one method of 
 
int r oduci ng the coolant. The coo lant is brought in t hrough these hob­

nail injectors and spread a l ong the inner wall. Another method of in­

troducing 	the cool1nl W;t~is under study is by means of porous metal s . 
 

oe/61A1 e " 	(N 'flayt/...::On the shelfft0n tee f S ae Of fig '* is a porous metal ring that is 
 
... part of an experimental rocket engine. The coolant passes from the outside 
 

through the metal and forms a uniform layer on the inner surface. Severoal

• of these rings are necessary for efficient cooling of a complete rocket 
 

engine• 
 

.... 



~ 

... 


) J 

.. 
) 

...­

.. 

... 

... 

~ 

~ 

- 7­

COMllUSTION FUNDAMENTALS 

In addition to combustion research on specific powerplants such as 
the ram-jet, the turbo-jet, and the rocket, the NACA is conducting research 
on basic problems relat ing to combustion that, a t fir~t glance, seem fa r 
removed f rom immedi ate application. J!t~lii_ .1",w. " me of the probl ems 
under active inve8tigation~Air mi xing and turbulence- that is a funda­
mental study to determine how two air streams mix to provide an insi ght 
into the proper meChanism of mixing dilution air with the hot combustion 
gases in a turbo-jet engine. Flame propaga tion- this is a study of gas 
inlet conditions, turbulence, fuels and fuel additives on the rate of 
flame propagat i on and stability. nrnamics of fuel dronlets: This is a 
study of the factors governing insight into methods of achieving good 
fuel-air distributi on. Reaction kine t ics- this wo rk will provide an 
insight into meChanism of combustion from a study of intermediate pr oducts 
of r eac t ion; a mass spectrograph is being used in this study• 

CONCULSION 

In concl usion , i t is hoped by means of the se fundamen tal combustion 
s tudies and by systematic empirical r esearch to evol ve a rational me thod 
of combustion chamber des i gn fo r jet engines• 
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FUELS DISCUSSION FOR THE 
 

SECOND ANNUAL MANUFACTURERS' CONFERENCE 
 

Our research is directed toward improved performance of fuels in turbo­

jet ram jet, rocket and reciprocating aircraft engines . The present dis ­

cussion will be confined largely t o t he topi c of turbojet and ram jet fuel s . 

Cons i deration of the pr oblems assoc i ated with the establishment of an optimum 

fue l for turbojet engines i ndi cat es that among the important problems those 

list ed on figure3jshould be considered . We shall discuss each of these .}. topics in turn: maximum avai labi lity , infl uence of f uels on engine performance 

(the three topics under t his heading which we wish to discuss today are 

combustion efficiency, altitude limits and carbon formation) . The last item 

~ for discussion is the influence of the fuel on fl i ght r ange . This is by no 


means a complete l i st but is sufficient to illustrate the type of research 


0( under way here . 


Going back to the first item on the list it is important that our turbo­

jet aircraft be designed to use a f uel that i s available in large quantities . 

Our jet aircraft t oday oper ate on a kerosene type fuel that i s available in 

r elatively small qua~tities . As turbojets are brought into increased use it 
-,' ~ 

is important that engines should be designed t o utilize a fuel of greater .. 
availability than that now i n use . 

On figure32is shown the relati ve quantity of the present kerosene type 
~<I( 	 

fuel available from a barrel of crude oil -- about 5 percent . Past experience 

would indicate that it is desirable to use a jet fuel that will be available 

in much greater quantity . At the end of the last war the Armed Forces were 

using 600,000 barrels of aviation gasoline per day. Published figures for the 

"" 

• 
production of crude oil in this country indicate more than 4,000,000 barrels 

per day are produced. This indicates that in case of an emergency our aviation 
$4­
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~ 

fuel requirements would be at least 15 percent of our total production, if 
~ 

we used 	fuels only in the same quantity required previously. A large portion 

.. " of this requirement probably would be for jet aircraft . Therefore, it is 

, 	 desirable to use a fuel f or turbojet engines that is available in quantities of 

25 percent or greater from a barrel of crude oil produced in the United States • 

• The Air Force, the Bureau of Aeronautics, and the NACA are cooperating 

in a program to evaluate in jet engines fuels of maximum availability . Such... 
 

fue l s are quite different from the present type and many factors must be 
 
~ ~ 

investigated before new fuels can be put into general use . 
'I 

One of the parameters under investigation by the NACA is combustion 

efficiency • 

• We have systematical~ studied the performance of a large number of 
 

'« 
fuels of di fferent molecular structure and boiling point and our investiga­


.. 	 tions show that both the boiling point of the fuel and the molecular structure 
 

have a marked effect on turbojet combustor efficiency at high altitude condi­
y 

tions. 	 This helps to def ine the fuel types that can be used in a more plentiful
" 

jet fuel . Figure~shows an illustration of differences in combustion effi­
,{ 

c iency encountered with fuel s of different molecular structure . The examples 
y' ~ 

oj 
chosen are the well- mown hydrocarbons , normal heptane and isooctane. These 

constitute the components of the octane scale used as a measure of the knock-

limited performance of reciprocating engine fuels . Normal heptane with an 

'« 
arbitrary value of zero on the octane scale gives a mock-limited imep of )0 

at lean mixtures in a CFR engine . If we add 20 percent isooctane the mock-

limited power increases . Adding more isooctane gives increasing knock-limited 
'( 

power. 

Following this curve we see that isooctane will give almost four times 

the knock-limited power of n-heptane at this particular engine operating condi­
~ tion. Now if we consider the combustion efficiencies of these two fuels in a 
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• 
 
jat combustor at a severe operating condition we find that the trend observed 

~ 

with the reciprocating engine is reversed . Considering now the lower figure 

we have plotted .on the abscissa against composition of the fuel . At this 

corner we have pure n-heptane and along this scale the isooctane percentage.. 
i s increased . On this scale we have plotted increased combustion eff icienC,Y , 


A i f we consider the combustion effic i ency of pure i sooctane as our base line . 

• 

This fi gure i ndi cates t hat as the isooctane concentration is decreased the .. 
combustion efficiency increases until the pure heptane gives a combustion 

~ efficiency about 18 percent greater than isooctane. 
"» 

A second paramet er under investigation by the NACA is the altitude 

operational limit of combustors encountered with different fuels . Here 

• 	 again we are systematical~ studying fuel components that would be used in a 


fuel available in quantity. One of the interesting things we have learned 

• 

here at the laboratory is that if we operate in the same engine two fuels of 

different boiling point, differences as large as 13,000 feet in altitude 

operational limits were obtained. To illustrate different burning characteristics 

of fuels we have under this bell jar two burners containing fuels of different 

0( boiling point. We shall igni te both fuel s and create a vacuum wit hin the bell 
0( ~ 

jar to correspond to altitude conditions and we shall observe that one fuel 

• 

~ 

I,j 	 ceases to burn at a lower simulated altitude t han the other . Fresh air is 
 

allowed to enter the bell jar continuous~ so that combustion does not cease 
 
~ 

due ~o lack of oxygen. 

This experiment, of course, does not s imulate the conditions encountered 

in jet engines at altitude conditions but does serve to show differences in 

the combustion characteristics of two fuels of different boiling point at the .. 
low air pressures encountered at high altitudes . 

A third parameter that is being investigated is the tendency of fuels to 
.. 

deposit carbon in turbojet combustion chambers. Here again we are investigating 

v 

http:plotted.on
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• 
 
~ 	 

independently both the influence of the boiling point and the molecular 

structure of the fuel on the carbon forming tendencr,y. To illustrate the 

influence of molecular structure on this tendencr,y figure3'shows the structure 

of hexane with six carbon atoms in a chain compared with benzene that has 

six carbon atowB formed into a ring. The hexane forms no carbon when burned 

in a turbojet combustor , whereas benzene does form carbon around the fuel 

.. 	 nozzle in the dome of the combust or and on the liner where the fuel spray 

impinges. Because both contain the same number of carbon atoms their boiling 
) 

points are about the same but benzene forms much more carbon during combustion 
"J 

than n-hexane does, so the difference must be due to the molecular structure . 

We have some engine parts here to show different carbon formations 

•• obtained with different fuels . A fuel with an aromatic ring similar to benzene, 

but higher boiling, gave this carbon formation in the combustor dome and liner •• 
Such carbon formations tend to change the airflow pattern and the pressure drop" 

. 

through the combustor. Another fuel operated under the same conditions gave 

only a little soot i n the dome and liner . This fuel contained about 20 percent 

of the benzene type fuel and we would anticipate no trouble in engine operation. 

These deposits were obtained from operating four hours at a simulated altitude 
~ 

of 20,000 feet . 

Our investigations have shown that carbon deposit i on can be correlated 
)!'""1 v Y'e 3S" 

with the boiling point and the hydrogen-carbon ratio of the fuel. 'l'l:l.9 R9~rt; 

~ illustrates how the correlation may be applied . Here at the laboratory 

we have determined the carbon-forming tendencies of about 50 fuels, both pure 

and complex mixtures. 

If we determine experimentally the amount of carbon deposited qy a fuel 

we put the data into this correlation qy knowing the boiling point of the fuel, 

the Hlc ratio and locate a point here corresponding to the carbon deposited. 



~ 
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~ If we know the boiling point of the fuel and the Hlc ratio we can follow this 

same procedure to predict carbon formation without having to evaluate the 
;. 

fuel 	in a burner." ' 

The third point that we wish to mention brief~ is the matter of range . 

High speed a i rcraft are built with thin wings and a small fuselage . Consequently 

the space available for fuel t anks is very limited. Therefore it is desirable 

~ to use a fuel that will deliver the maximum amount of energy per unit volume . 

The burning of metals will yield more energy per unit volume than anything 
 

~ !mown except nuclear energy . For example, aluminum will deliver three times 
 

~ as much heat energy and boron four times as much heat energy on a volume basis 

as 	aviation gasoline . 

This indicates that the use of metals instead of gasolin~ for a ram jet 

~ would allow a three- to four-fold reduct ion in fuel tank space, or ' maintaining 
~ 

the tank size the same it would allow a corr~sponding increased flight range 

for the aircraft . In addition the metals under discussion burn with a very
I 

hot flame and this allows the use of a smaller frontal area for an engine than 
~ 

that required for hydrocarbon fuels. The calculated thrust to be obtained in 


a ram jet from three fuels is shown on figure '?:lb. The thrust for gasoline at 


, a Mach number of 3 .5 is calculated to be 3000 lb/sq f t of burner cross­

~ 

sectional area . The thrust for aluminum is about 4200 pounds or an increase of 

40 percent and the thrust for boron is 5200 pounds or an increase of 13 percent• 
~ over gasoline. Incidental~, both aluminum and boron are present in abundance 

~ 

in the earth's crust . From consideration of the energy release of metals one 

might expect that the combustion would make a great deal of noise. Our experience 

~ has been just the opposite. Aluminum burns very quiet~ -- in fact much more 

• quiet~ and with less pulsations than we experience with ~drocarbon flames. 


.. 	 We shall burn aluminum with air in a small model to demonstrate to you 
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. 
~ 

• 	 the quiet burning and the intense white flame experienced with metal burning• 
~ 

-- aluminum burning demonstration -­
'f< 

Because metallic fuels give solid products of combustion it would be 

unlikely that they could be used in turbine engines . For such engines , however , 

we are conducting research on methods to utilize hydrocarbon fuels which will 

allow extended flight range . Here we have a jar containing aviation gasoline . 
See p~otbl(rQP~ C-~2 337, -neit pqge) /e-tt celliev. .. This volume of gasoline when burned completely will yield 225,000 Btu's of 

heat energy . In this next jar we have kerosene with the same number of Btu ' s, 

, 225 ,000, but occupying 14 percent less volume . In terms of an airplane this 

, space could be filled with fuel and the flight range could be increased over 
) 

that obtained with gasoline . In this third jar we have methyl naphthalene 

which will deliver the same heat energy as the gasoline but in this case we 

have 35 percent of additional volume that when filled with fuel will allow 

about 35 percent greater flight range. Burning such fuels gives excessive 

carbon deposits and we are conducting research on suitable methods for utilizing 

the fuels so that extended flight range can be achieved. There are a number 

of hydrocarbons to be found in some petroleum stocks which give promise of 

extended flight range for aircraft . We wishto separate them from petroleum and 

,j 	 systematically study them as aircraft fue l s . For this purpose we have installed 

fract ional distillation equipment. To demonstrate how a distillation c)olumn 
( E~tye .,.e right ill photo S YGl pit C- H ·3"37 

operates we have here a working model . ~ We have mixed a red liquid and a 

'( 

colorless liquid in this vessel . The colorless liquid boils at a lower tempera­

ture than the red liqUid . The mixture is added into the middl e of the column 

and runs down over the ceramic packing material . Vapors from this boiling 

liquid in the reboiler rise through the descending liquid and due to heat 

exchange on the surface of the packing the low boiling colorless liquid is 

vaporized, goes to the top where it is condensed into liquid again, and the 
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