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In the cour se of your i nspection of the labora t ory 

~ 	 today , you will see demonst ra t ions of the vari ous engine 

components i n moder n jet a i rcraft . In thi s di scuss i on we 

will demonstrate some of the i mpor t ant elements i n t he 

combustion process whi ch supplies t he pr opulsion ener gy. 

We wi ll show you t yp i cal exper iment s used t o gai n a bet ter 

under standi ng of the f undamental fac t or s i n combust i on 

processes . This i nfor mation aids the engine manufacturer 

to pr operly desi gn the combustion chamber . Such studies 

include the selecti on of fuel s for various types of air 

craf t; and the equipment you see around you is used to 

pr epare pilot plant quant i ties of pure fuel s for our fuels 

and combustion research. 

The combustion process consists of three basic steps 

lis ted on the backdrop : 

1 . Combust ible mixture preparat ion 

2 . Ignition 

3. Flame propagation 

Combustible mixture preparation is the process of 

vaporizing and mixing the fuel with air, the same job 

performed by the carburetor in your automobile . 
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This mixture must be ignited by means of a spark or 
·~ other ignition source and finally, the flame must propagate 
A. 

into the remainder of the mixture so that flame propagation 

refers to the actual burning of the combustible mixture. 
,. ) 

To illustrat e the se basic processes , experiments on 

the burning r ate of different fuels , fame volume, i gnition 

energy , flame speed and spray formation will be demonstrated . 

These processes exist in any type of combustion engi ne, ... 

I ~ only the physical conditions under which they occur changing 

from engine to engine . Let us consider some of these steps 

r 
in terms of three curr ent types of propulsion system -- the 

rocket, turbojet , and ram jet . 

First l et us consider the turbojet . Here the air is 
't 

, 	 supplied to the combustion chamber from a mechanical com
~ 

< • pressor, enters through the holes in the side of the chamber 
.. 

where it mixes wi th the fuel spray . Igniu on is accomplished- , 

, t 	 by means of a spark , the f lame rapidly spreading to the 
 

remainder of the chamber . Consi dering average conditions,
,. 
only 1/100 to 2/100 of a second are available for the three 
 

... ~ essential combustion steps -- mixing of fuel and ai r, 
 

" 	 igni tion, and burning. 
-~ 

The next engi ne the ram jet -- is similar t o the 

-... 
turbojet except that air i s compressed by the ram action of 

the moving missile rather than by mechanical compression. 

" 
"f 
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I n the ram jet , the fuel- air mixture is again prepared by 

sprayi ng fuel into a moving ai r stream. Ignition may be 

accomplished by means of a spark or a small pilot flame 

a s shown here . Burning occurs f rom a shel tered region 

call ed the flame holder and spreads r ap i dly into the 

combusti ble mixture f lowi ng ar ound i t . Si nce the r am jet 

i s designed for even hi gher speeds than the turboj e t and 

since the cross- sectional area must be kept small t o reduce 
~ 

drag , these proces ses of combusti ble mixture preparati on , 

i gnition, and flame pr opagation mus t occur in less than 
~ . 
 

0 . 005 second . 

In the t wo engine s j ust de scribed the fuel is oxidized 

by the oxygen in the air. In the thir d combustor -- the 
or 

rocket -- the basic processes are the same but the oxidant 

can consist of many diff erent types of chemical oxidizer s 

such as liquid oxygen , nitric acid, or liquid fluorine . 

Her e the f uel and oxidant enter a s impinging jets, mixing 

being accomplished by the heat and turbulence produced in 

--~ the i nteracti ng jets. The ignition energy is often supplied 

,~ 
by t he initial reaction of fuel and oxidant -- so called 

.... spontaneous ignition. This is similar to the spontaneous 
~ A 

reaction that occurs in a pile of oi ly rags but in a rocket 
" , 

'.... ., ignition must occur in milliseconds . A thousandth of a 


second for spontaneous ignition, not several days . The 
~ 

flame reactions once initiated occur at high pressure 
... 

within the rocket chamber . 

" 
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We have now seen where the three basic processes occur 

in the various engines . Note again the extremely short time 

available -- from 1/100 second to 1/1000 second f or a sequence 

of three steps. Now when the manufacturer sets out to 
1 ) 	 

design an engine he can deter mi ne the maximum rate for 

each of these steps from f undamental experiment s i n 

idealized systems . He must compromise thi s information 

with the factors of engine weight, cost , and complexity 

of manufacture to desi gn the actual component, the combustor . 

~ Once the component has been developed , it must be coupled 

with the remainder of the engine to get optimum over-all 

performance . 

Today we will demonstrate some of the basic experiments 

whhh supply the designer with the necessary conditions . 

Let us first consider the process of combustible mixture 

preparation. 

(The talk i s continued by Demonstrator I)
" 

As mentioned previously, the fuel- oxidant preparation 

consists primarily of fuel evaporation, followed by turbulent 

mixing of fuel and oxidant . I n the turbojet and ram jet 

this is accomplished by spraying liquid fuel into the 

moving air stream. The rate of mixture preparation, then, 

will depend upon both the fuel properties and the a i r flow 

conditions • 
.. 

To study the effectiveness of the fuel- spray interaction 

with the air entering the combustor, high- speed motion pictures 

are taken in transparent combustor models . Note the inlet 
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air ports , and the location of the fuel spray nozzle and 

of the ignition electrodes . In the motion pi cture to 

follow, you will see high-speed photographs of f uel sprays 

under simulat ed operating conditions. 

HOVIE -- about It minutes 

Part 1 - spray i n still air 

Part 2 - spray in moving air , inside t ransparent combustor 

Fart 3 color movi es of igni tion and burning 

Such pictures gi ve us an i nsight into the flow patterns 

wi t hin a combust or, and enabl e the engi neer t o locate pr o

perl y the points of f uel and air admission . Phto gr aphs such 

as the se tell the designer what changes are necessary, and 

whether or not new designs have improved the process of 

fuel- oxidant pr eparation. 

I n the rocket , the fuel- oxi dant mixture i s often made 

by i mp i nging j ets of two liquid streams . A t yp i cal arr ange 

ment is shown in the rocket model and ha s been a ssembled 

i n thi s box. (Start wat er jets . ) Note the apparently 

smooth spray that f or ms . A smooth and s teady f low of fuel 

and oxi dant is , of course , desirable to insure smooth com

busti on . Actually , the simple spr ay you see here i s 

deceptive , for if we i lluminate i s stroboscopi cal ly -

(turn out steady light , start strobe light) -- we see 

alternating rings of high and low spray density . Such a 

discontinuous spray, having an alternating frequency of 
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1000 to 4000 cycles per second, may be related to the rough 

combustion often observed in actual rockets . Alternate 

surges of hi gh and low t hrust result, whi ch lead to serious 

mechanical stresses , as well as a l oss in the over - all 

ef fici ency and contr ol of t he combustion process. 

(Talk i s re sumed by t he fir st speaker , the chairman.) 

.. These demonstrations i llustr a te some of the t ypes of 


research used t o understand and improve the manner in 


which the fuel and air are brought t ogether to f orm the 


combusti ble mixture necessary for burning. The se experi 
.. 
ment s showed the mechanics of the preparation of a combustible 

mixture . This process can also be i mproved by working with 

the fuel pr oper ties . For example , a part of the problem 

tequires evaporation of the fuel . By using fuels of high 

volatility -- f uel s which evapor ate r apidly -- thi s process 

can be speeded up . Let us now consider an experiment 

- ) 	 where we feed l i quid f uel i nto a porous sphere and allow 

the f uel to burn off the surface . 


(Talk is continued by Demonstrator I I ) 


We have mounted here t wo porous spheres through which 


we will pass l i qui d f uel . We have a common l iquid feed 

system so that both fuels will be injected at the same rate . 

We will now start the flow and ignite t he fuel . (Ignite 

hexane . ) The fuel now being ignited is cetane, which is 
.. 
 

difficult to ignite (ignite cetane). Now we will increase 

~, 	 the fuel flow rate on both spheres, still keeping equal 


rates between the two . 
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Note that now the more volatile fuel , hexane , burns 

completely on the sphere but the les s volatile fuel, cetane, 

burns more slowly and actually drops falloff bef ore com

bustion i s compl ete . In such a ca se the more volatile 

fuel woul d have a high combustion effici ency in the com

bust or , while the other f uel would burn only parti ally in 

the same time interval, and complete combusti on would not 

be realized . 

While the highly vola tile f uels do burn effi ciently, the 

large quantities of f uel required by jet engines makes it 

necessary to use the l ow volati lity fuels a l so . At the 

present time , r esearch is bei ng conducted at this laboratory 

t o f i nd methods of using t he low volatile f uels without 

any sacrifice of combustion efficiency. 

(Talk resumed by chairman.) 
 

These experiments have i llustrated typical research 
 
.... 

t echniques for studyi ng the process of prepar ation of t he 

combustible mixture . The next step in the combustion 

process i s the igni t ion of the mi xture . Two i mportant 

conditions mus t be achi eved -- firs t the previous pr ocess 

.. 	 of preparati on of the combustible mixture must place a 

mixture capable of burning in the region of the igniter . 

If pure fuel or pure air are around the i gni ter , obviously 

it cannot start a flame . Actually the proportion of fuel 
... 

and air must be controlled within quite narrow limits before .. 
• 	 stable flame is obtained. The importance of proper fuel and 

air concentrations is illustrated in the next experiment . 
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(Talk conti nued by Demonstrator I .) 

Each of these vertical glass tubes contains a mixture 

of a gaseous hrdrocarbon fuel with air . The amount of fuel 

in t he mixture i ncreases as we go from left to right, in 
, , 	

about the propor t i ons shown by t he l evel of the r ed liquid 

in the i ndicators. We will pass a spark through each of 

the mixt ur es to see if i gniti on will occur , and i f it does , 

we will observe the travel of the flame f rom the lower to 
, 

the upper end of the tubes . 

Tube 1 -- the first t ube , on the l eft, contains a very 

lean mi xt ure, that i s , there is very little fuel present . 

In fact, this first mixture contains so little fuel that it 

will not burn. Thus we may pass a spark repeatedly through 

the mixture, and no ignition will take place . In terms of 

a combustor, this would mean that i f such a mi xture surrounded 

the ignition el ectr odes , the engine could not be started. 

,. Tube 2 -- In the second tube, we have added a little 

more f uel . Now when the spark is passed, the mixture will 

igni te and a rapid blue flame will travel f rom the i gnition 

electrodes to the upper end of the t ube . The mixture was 

easi ly ignited and the f lame was vigorous . Such a mixture 

would be very desirable in a combustor . Flame would spread 

easily from the spark plug to the surrounding fuel-air mixture . 

Furthermore, many of our present turbojet engines have 

several can-type combustors such as this (point to model) 

connected by tubes, but there are spark plugs in only two 

of the combustors . Hence, when t he engine is started, 
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f l ame mus t travel from the combustor f itted wi th spark 

plugs through these tubes to the adjacent combustor s , and 

a mixture like t he one we have just igni ted would do a 

fine j ob of spreadi ng the flame • .. 
Tube 3 -- In the thi rd tube , we have added still more 

fuel , and we now have a mixt ure t hat burns i n an unst able 

manner . The mixture wi ll be sparked and you wi ll observe 

an unsteady green f lame t ha t mayor may not t ravel the 

.., . 	 l ength of t he gl a ss t ube . The f l ame di d act ually f ail to 

travel t he f ull di stance . If a mixt ure such as t hi s 

surrounded the i gni t i on elect r odes of a combustor , flame 

might f ail t o spr ead from the spark pl ug t o t he r es t of 

the f uel - air mixt ure in the combust ion chamber, and a l most 
., 

certai nly would fail to travel t hrough the connecti ng tube s ..., ., 
to other chambers . The result would be uncertai n igniti on 

t he engi ne 	woul d start occasionally , most of the time it 

would not •.) 
Tube 4 -- I n the f ourth tube , we have a mixt ure still 

r i cher in fuel. The mixt ure wi ll i gni t e, but the f lame 

wil l be small, weak , and very slow. Her e again, it i s 

easy t o under stand how such a flame could be extinguished 

befor e i t travel ed very far from t he i gnition electr odes 

of a combustor and before i t igni t ed t he adj oining combustor s . 

~ Tube 5 -- Finallywe have a mixt ure cont aining so large 

a proportion of fuel that ignition is smothered. Just as 

in the case of the first tube, sparks may be passed repeatedly 

through the mixture and no ignition will occur. Obviously ' 
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such a fuel- air mixture would fail completely i n starting 

and supporting combustion in an engine . 

These demonstrati ons point out the fact that the ratio 

of fuel to air must be quite closel y controlled or the 

engine can neither be started nor operated effic i ently . 

(Talk continued by chai rman.) 

Now we have said two conditions were necessary to start 

a fire . We have demonstrated the need for the proper 

propor t ion of f uel and air. We must also add sufficient 

energy in the spark to i gnite the mixture . Too little 

energy i n the spark will not cause ignition . We must add 

a cert ain mi nimum amount of energy -- or more before 

ignition will occur . Once we have added this proper amount 

of energy a stable flame begins. This is something like 

a mouse trap i n whi ch t he bait cor re sponds t o the combustible 

mixture . The mouse just nibbling at the bai t corresponds 

to too little energy -- not enough to set off the t r ap. 

Only i f the mouse puts suffi cient ene~gy into t he trap 

does i t spring shut . In t he case of a combustible mixture 

sufficient spark energy starts a flame; in the case of a 

mouse trap, all we get is a dead mouse . 

Well, we 1ve seen it happen with a mousetrap, now let 

us see the actual experiment with a fuel- air mixture . 

(Talk continued by Demonstrator II.) 

In this bomb we have a fuel-air mixture capable of 

burning, once ignited . Identical spark plugs such as are 

used in jet engines are mounted in series inside the bomb 
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... 	 and on the panel so that you wil l be better able to compare 

the energy supplied to the mixture in the bomb. Now let 

us pass a weak spark. (Pass several sparks .) We can pass 

as many sparks as we wish , but it sti ll is not enough to 
, . 

s t art a flame . 

Now let us incr ease the energy of t he spark. Watch 

cl osel y . I n thi s case the energy was sufficient to i gni te 

the mixture and the f l ame spread r apidly t hroughout the 

bomb. 

It is f r om exper i ment s such as these that we are able 

t o f ind the mini mum amount of ener gy required t o i gni te 

combustible mi xtures under f avorable conditions . The 

engine designer, however , would want an energy supply t hat 
., 

would ignite mi xtures under a l l conditi ons of temperat ure, 

pressure , and fuel concentr ation. Thus , he must make a 

compromise between these two extremes, taking i nt o con

) 	 
s i derati on such addi t i onal factors a s cost and wei ght 

l imitations . 

(Talk resumed by chairman . ) 

Once igniti on ha s been accompli shed , the flame must 

be capable 	of travelling indefinitel y . To i llustrate that 
~ 	 

a flame will propagat e indef initely , or almost i ndefinitely, 

. unless di s turbed, let us i gnite the fuel- air mixture in the 
~ 

plastic tube fastened to the backdrop . (Ignite . ) Watch" 
~ - .... 

the flame as it travels smoothly and uniformly on and on .... 
and on•• 0 

~ 
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But it is not sufficient that the flame merely continued 

burning. We have already indicated that the time for com

bustion is limited so that the flame must burn rapidly . 

The rapidity wi th which a flame travels is called it s 

flame speed . Thi s speed i s a function of the fuel type 

and is measured experimentally to determine the relative 

burning rat es of different fuels . 

A typical flame speed experiment will now be demon

s t rated . 

(Demonstrator I) 

We have here a typical apparatus used for measuring 

flame speed . These tubes contain mixtures of two gaseous 

hydrocarbon fuels with air . Above the tubes are two 

photocells which will detect the flame travel. The flame 

will be ignited and will travel from right t o left . AS 

i t passes the f i rst photocell , this electronic counter 

will start, and as i t passes the second photocel l, the 

counter will be stopped by the pulse from the photocel l . 

The t i me required for the flame to pass from the first to 

the second cell will be recorded on the counter by a series 

of light s, r epresent ing tenths and hundredths of seconds . 

From this information we may compute the flame speed, and 

we will record i t on this data sheet . 

First we will ignite a flame in this tube, which contains 

a mixture of propane and air . (Ignite, read counter, record 

time and flame speed . l 
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Now we wi ll pute the second tube i n place. This tube 

contai ns a mixture of ethylene and air . (Ignite, read 

counter , record time and flame speed.) 

We note that the f lame t ravelled through the ethylene

air mixture almost t wice as rapidly a s thr ough the propane

a ir mixture . Now what does this mean in terms of an aircraft 

engine ~ It means that , i n a given length of time , we are 

able to produce almost twice as much energy, and therefore 

thrust , f rom e t hylene as f r om propane . Alt hough we do not 

use these two gaseous fuels in actual engines , differences 

in the flame speeds of l iquid fuels show up in the same 

manner . 

(Chairman) 

The flame which you saw in the flame speed experiment 

had a smoot h curved surface, whi l e the flame you saw in the 

combustor i n the motion picture had a rough , t urbulent 

appearance . If we i magine tha t t he smooth flame corresponds 

to a thin sheet of paper , then t he t urbulent flame would 
... { 

correspond to the same piece of paper crumbled into a 
-. 
 
. , 	 small bal l . Obvi ously t he turbulent f l ame occupies l e s s 

~ space . We can fold the flame into a small volume by i ntro

ducing turbulence because , like the thin piece of paper , the 

f l ame is very thin. As we go up in altitude, however , the 

flame expands and would correspond more closely to a thick 
• piece of cardboardo Obviously this cannot be compressed 

into as small a volume . Thus as the combustor operates at 

higher and higher altitudes, more space is required by the 
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flame . The expansion of a flame at reduced pressure is 

illustrated in the next experiment . 

(Demonst rator II ) 

We can show this effect wi th t he small burner locat ed 

in t hi s tube . We will light a flame and slowly lower the 

pressur e in t he t ube . The r ed liquid will indicate the 

altitude that corresponds t o t he pressur e i nside the flame 

chamber . The photogr aphs that you will see are of flames 

that correspond t o those in t he t ube a t specific altit udes . 

(Ignite the flame .) 

We are at sea level now (picture 1) . Note the yellow 

appearance of t he flame , as wel l as the diameter of the 

flame at this point . The yellow color is due to incandescent 

carbon particles that are a result of incomplete combustion. 

In a jet engi ne, thi s would result in serious carbon depo

s i tion. 

We are now increa sing the altitude and t hereby decreasing 

t he pressure in t he chamber (p i cture 2) . At 48,000 f eet 
• 4 	 the yellow has decr eased consi der ably , t her eby el imina t ing
-, 

.... 	 the carbon formation probl em. We can now see more clear l y 

.. 	 t he bright blue combustion zone . This bright bl ue out er 

mantle is the actual burning zone of the flame . The i nside 

portion is utili zed as a mixing chamber f or t he fuel and ai r . 

As we decrease the pressure, the distance between the mole
.

cules is increased, thereby increasing the mixing volume 
.oj 

... 	 required by the flame before suitable burning conditions are 


obtained . 
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Note also that t he flame diameter has increased. 

We will now go still higher and see what changes take 

place in the flame (picture 3) . We see that now t he yellow 

has almo s t completel y vani shed . Both the f lame di ameter 

and the combusti on zone thickness have increased markedly. 

As we pr ogr ess still higher the f l ame continues to 

expand (pic t ure 4) . Now the yel low has disappeared com

plet ely and t he f lame has grown even larger . 

Fi nal ly a s we near t he blow-off l i mit , the fla me 

expands rap i dly and becomes unstabl e (picture 5) until i t 

goe s out at 85,000 fee t . This would cor re sponds t o an 

altitude ceiling. To show agai n how the f lame changes 

with alti tude, le t us look at al l five photogr aphs . Three 

things are evident a t a glance . 

First, that t he yellow col or , predomi nant at sea l evel, 

di sappears as the al titude incr eases . Secondly , we can 

see that the actual combustion zone thickness i ncreases 

.~ > noticeably in going from sea level to the altitude ceiling 
, 

~. 
of 85, 000 f eet . Thir d, it is also apparent that the 

f l ame volume incr eases markedl y a s the altitude i ncr eases . 

(Chairman) 

The experiments you have seen today i llustrat e the 

study of basic combustion processes . Such experiments, 

coupled with the research on combustors and full- scale 
~ ~ 

engines, meet the goals of increasing the flight range,
• .j 

..... 
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speed, altitude, and economy of operation of jet- propelled 

aircraft. It is such combined research efforts that have 

resulted in engines with power almost unbelievable a few 

years ago and which wi l l result in engi nes of even greater 

power in t he time t hat lies ahead• 

.. 

" 

.... 
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