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TALK ON TUREOJET OPERATI ONAL PROBLEMS 
 

Presented in the Altitude Wind Tunnel shop 
 

by speakers as noted 
 

( See stage photo c -24156 and color photo) 
 

W. A. Fleming, or Dr. L. C. Gibbons : 


Because future ai rcraft will be des i gned t o fly at 


• 	 ever-increasing al t i tudes , an extremely importan t phase 
~ 

of t u r bine engine r esearch is t he continued effor t 

/ 

~ 

. 	 directed toward increas ing the effective operational 

• 	 alt i t ude s of je t - power ed aircraf t. The r e a r e two opera 

t iona1 problems which ma y limi t t he al titude at which a 

turbo je t engine may be used wi th maximum eff ect i veness • 

.. , ~ The first problem is the maximum altitude t o whi ch a 
'f 

pilot can climb his a i rplane with the engine operating 
~ 

at constant engine s peed before combustion blowout occurs , 

~ .. l eaving the airplane ineffe ct i ve . The se cond probl em i s 

the maxi mum alti t ude at whi ch the pilot can expe ct t o ., 
,

-'. 	 r estart t h e engine and a ccelerate it up t o operat i ng 

~-..; speed. The fi r st problem, alti t ude l imi ts of engine 
>( 

\., 
opera t i on at constant engine speed, was discuss ed a t the 

.. Inspec t ion last year. Thi s year we wi ll discuss t he 

.{ r esearch program which deals with s tarting these engi nes 

during fl i ght a t high altitudes . 

The pr oblem of starting turbojet engines at very 

•~. high altitudes is much more difficult than starting on 
 

the ground, or at intermediate altitudes , because the 
 
~ '" 

very low pressures and temperatures encountered at such 
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altitudes have an extremely detremental effect on ignition 

of the fuel, combustion, and acc eleration of the engine.
* 

The altitude starting problem is divided into t hree parts:,4; # 

... 1 . Fuel ignit i on. 

2. Flame propagat ion . 

3. Engi ne acce l erat i on . 

In s tarting an engine a t a lt itude, the pilot f i r s t opens 

the throttle and then t urns on t he ignition. The loca

. 	 tion and intensity of the s pa r k in the combustion chamber 

• 	 must be right to expect ignition of the surroundi ng fuel 

and air mixture . It is convent i onal for turbo j et engines 

to be equipped with spark plugs in only two of t he com

~ bustion ch ambers; therefor e, after the chambers with t he 
~ 

s park plugs are ignited, it is necessary that the fuel 

and air mixture be such in the other combustors and in 

the fl ame propagating tube s that the flame r apidly t ravels 
y 

t hrough t he cross - fire tubes and ignites the other 

burners . Aft er a l l the burners have been ign ited, the 

'" 	 pil ot's problem i s to accelera t e the engine with out en

'" coun tering combustion b l owout or exc essive tur b ine t em

peratures. Such an acceleration requires t hat, as well 

as fly the airplane, the pilot must carefully manipUlate 

the throttle so as not to overheat the turbine or quench 

the flame in the combustor. Such an acceleration at very~ 

.~ high altitudes may require several minutes. 

Investigation of altitude starting is a very com

pllcated problem which requires getting into the heart 
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of the engine so as to find out what is happening in the 

combustion chambers. Such an investigation requires a 

well-integrated research program between groups experi

menting with ignition of ideal mixtures or ignition and 

combust ion in s ingle combust i on chambers and groups in

ve s tigating igniti on, flame propagati on , and accelerat ion 

in complete eng i ne install at ions in altitude t es t cham

bers and the a l ti tude wind tunnel . The research pr ogram 

,. wa s begun by obtain ing bas i c data on t he f undamentals 

\> of ignition of i de a l mixtures of f uel and air a t various . 
a l t itude s . Th e fi rst speaker, Mr . Chi l ds, will demon 

st r ate t he effect of altitude on i gnition of such i deal 

~ 'f mi xture s 
.. 

study • 

.\

r 

), 

.. 

. ~ 
''; 

and summarize the results of this fundamental 

-. 
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I - ,Fundamental s t udies of Fuel I gni tion 

J. Howard Childs, or R. Brei t Wieser: 

The energy required for spark ignition of a combustible 

mixture would be expected to depend upon such factors as 

the pressur e , the tempera t ure, t h e veloc i t y of flow past the 
". 

spark electrodes and t he composi tion of a combustible mixture. 

; 	 To pu t t h e design of aircraft i gnition s ys tems on a rationa l basis 

and to aid in solving the problem of starting at alt itude , it was 

t herefor e necessary to have data showing t he effect of t hese 

variables on t he energy required f or spar k i gnition . All of 

the necessary data were no t available and so research on the 

altitude starting problem was begun by obtaining s ome of the 

-( 	 necessary bas i c data on t he energy required f or igni ti on of flowing 
-( 

combustible mixtures . The apparatus used for this investigation 

is shown diagrammatically i n t he firs t figure (C-24182C). Air 

and va por fuel fr om labora t ory supply sys t ems were mixed passed 
r 

t hrough a series of baffles t o insure homogeneity and then passed 

into t he tes t sec t ion . The t est section consisted of a 2- inch 

diameter pyrex glass tube with spark electrodes inserted through 
'0( 

t he walls . It was possible to control t he conditi ons of flow 

.... past the electrodes and also it was possible to control the 

.' quanti t y of energy supplied in the spark gap. It should be 
i.J 

emphasized that the fuel a i r mixt ures ob t ained with this t ype 

of apparatus represent ideal conditions where a ll of the fuel 

is vaporized and thoroughly mixed with the air. In the com

'" ~ 
. 
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bust i on chamber of an engine where much of the fuel in 
". 

the vicinity of the spark plug is still in the l iquid 
 

I' • 
state, conditions are much less favorable for ignition. 
 

An apparatus of this t ype has been constructed behind 
 
~ 

.
the pane l and the tes t sect ion is vi s i ble through this 

observat ion room. Subsequently, some of the test data 

obtained with this type a pparatus will be presented but 
-< , 

f irs t a demons tration will be made to show how an in -


I ~ 
crease in al titude effects igni t ion. 
 

The velo ci ty of fl ow t h rough this pyrex t ube is 
 
.. 

ab out 50 feet per second and the pressure altitude ins ide 
.. 

the tube is 30 , 000 f eet as indi cated by the gage. When 

~ the s park is t urned on and fuel is admitted to the test 
.. 

section, ignition occurs . If you wa t ch c l osely you can 

see that the flame propagates in all directions away 

< • from the spark el ectrodes and consumes the combust i ble 

, 
~ 	 

mixture wi thin the tube. The f lames a re then b l own down

s tream. This i s because t here a re no shi elded zone s in 

thi s appara tus where the f l ame can burn stab l y as it 

would in the combustion chambe r of an engine. The press ure 

a l titude will now be increased and we will a gain attempt 

to obtain ignition using the same spark intensity as was 

used before. As indicated by the gage the pressure 

altitude is now 45,000 feet and when fue l is admitted to 

the test section, no ignition results although a com

bustible mixture is flowing past the spark electrodes. 

In order to obtain ignition at this highe r altitude, the 
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spark energy must be increased. The spark energy is now 

approximately three times as great as t he energy pre

viously used, and now when fuel is admitted to the test 

A 	 sec t ion, i gnition does occur. And thus to obtain ignition 

at the hi gher alti tude condition , it was necessary t o 

ut i lize a larger quantity of energy in t he spark . 

Some of t he test results obtained with this type 

a pparatus a r e sh own in the next figure (C -24 l 87- B) • .. 
Re lat i ve val ues of t he energy required for ignition of,

~ 

. 
t h e combusti ble mixtures are i ndicated along the hori 

. ,.. 
zon tal scale and values of the pre ssur e within tbe t est 

~ 

sec t ion expre s sed in te r ms of pres3ure altitudes are 
 

.. indi ca ted on the vertical scale . Curves are shown for 
 
of' 

flow velocities past the spark electr odes of 0 , 25 and 54 
'... 

feet per s econd. At 0 ve l ocity t he ene rgy r equired to 

y~ igni te at 50,000 fee t is thirty five t ime s as great as 
~ 

the energy requi r ed to ignite a t s ea l evel. As the flow 
'\ 

~y 	 
ve l ocity is increased from 0 to 25 to 54 feet per 

s econd t he energy r equired fo r igni tion i ncreases pro

gressively . The hi gher va lues of spark energy required 

f or ignit i on at the h ighe r alti tudes and h igher f l ow 

velocities as i ndi cated by this portion of the scale are 

fortunately easily available by a simple re-design of 

< .. 
many of the curren t aircraft ignition systems . The data 

~" 	 in this figure were obtained using a combustible mixture 

having the optimum composition for easy ignition. The 

effect of variations in the mixture composition on the 

required energy for ignition is shown in the next figure 

(C-24l87-A). 
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Val ues of the mix t ure compos it ion expressed in terms 

of fuel air ratio are indicated on the horizontal scale. 

Relative values of the energy required for ignition are 

~ indicated on the vertical scale . Curves appear for flow 

ve locities pas t the electrodes of 5 and 54 fe e t per 
..:; 

second. These data show that the energy r equired for 

i gn i tion is much l ess if the mixture composit ion is some 
~'. 

where near t his optimum value than i f the mixture is 
~~ 

either fuel ri ch or fuel l ean . Increasing the flow 

ve l oc i ty from 5 t o 54 f eet per second, approxi mate ly 

doubled the energy r equi r ed fo r igni t ion. These data 

show the importance of so locating a spark plug within 

~ the engi ne that t he electrodes would be in a region 
'« 

where the flow velocity is low and the mixture composition 

is some where near this optimum value • 

• 
), 

.... 

.., 

'" 
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w. A. Fleming, or Dr . L. C. Gibbons : 

The results of these simple experiments indicated 

the increased difficulty in fuel ignition at high 

altitude s with ideal mixt ures of fuel and a i r. The next 

step i s t o cons i der t he more r ealistic condit ions i n the 

engi ne combustion chambe r with which the pilo t has t o 

" con t end when t r ying to start a t h i gh altitudes . Fi rs t 
\ 

a l iquid fue l i s u sed, i nstead of a gaseous fuel, and 
>~ 

t h e fuel and air mus t be mixed in the forwa r d part of 

.. the combust ion chamber i nstead of b eing thoroughly mi xed 
.. 

upon en t e r i ng t he combust i on zone . This combus tible 
) ,... 

mixtur e is obtained by a ve r y compl icated mi x ing process 

... 
 whi ch mus t not only be sati sfac t ory for i gni tion by t he 
.,. 

,	 spark, but a l so satisfactory for t he c l osely re l ated .. 
~ -< phenomenon of cross firing to the o ther combustion 

.,,' chambers . Methods of obtain ing a combustible mixture in 

\ 
the region of ~he spark whi ch is also sui tab le for fl ame 

< ~ 

. 
	 propagation , as well as methods for i mproving ignition 

and f lame propaga t i on, wi l l be discussed by the next 

speaker, Mr . Koenig • 

~ 

.'" 
.. 



• 

v 

" 
- 9 

.'. 
~ 

Robert J. Koenig or .., , 

Part II - Ignition and Flame Propagation in the Full Scale Engine. 

The fuel nozzle in most common use in present-day turbojet 

engines is a pressure ato:rnized hollow -cone spray type. This chart 

(C -24189-B) shows a cross -section of such a nozzle (chart 1). The 

fuel enters through these passages into a swirl chamber, where it is 

given a rotational velocity, and then discharges through this orifice in 

the form of a hollow cone which disintegrates and mixes with the air. 

Under desirable starting conditions we should have a fully developed 

~ . spray cone which supplies fine droplets of fuel near the spark plug 

• 
, electrodes (C-24189-A). At altitude starting conditions, how ever, the 

'If 

'I' ... fuel flow required by the engine is 1/30 of that at maximum engine 
",. 

power at sea level and the fuel pressure 1!900th. This low pressure 

\ 
, v will not give a good spray with a fixed area nozzle such as I have 

y 

shown you and consequently ignition is difficult. 

A more complex design of hollow-cone nozzle, known as a variable 

area nozzle, is under investigation at this laboratory. As fuel flow 

decreases, these passages are reduced and the pressure remains prac
, ~ 

tically constant. Consequently, a good fuel spray is maintained. 

To show you the types of sprays furnished by the two nozzles, 

we have mounted in this spray chamber ( s witch on light) a con stant 

area nozzle on your right and a variable area nozzle on your left 
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(turn on fuel flow ). The fuel flow through each nozzle is the same -

,.. 
-


that is, the flow for starting at altitude -


You observe that the spray on the right is very poor and the 

fuel could not be ignited with a spark plug in the normal position. 

-> (refer to chart 2) The spray on the left from the variable area nozzle 

I" 
has a wide angle and very fine droplets a nd can be readily ignited by 

.. 
the spark plug.I· 

~ 

~ 

The fuel temperature in this case is at room temperature - 
,. 

about 700 F (point to potentiometer). Actually, at altitude operating 

conditions, the fuel may be very cold (switch to cold fuel) and the spray 

.. is still poorer because at low temperatures the viscosity of the fuel 
,
" 

is increased. I have turned a valve to circulate the fuel through a 
'( 

y' cooling bath and you may observe that the temperature is dropping 

.. 
rapidly as indicated on the temperature gage (point to it) and the fuel 

i~ 

y • sprays 	are becoming progressively poorer. 

Here at -40 0 F the spray from the fixed nozzle has turned into ... 
,.... a dribble which would be impossible to ignite with the spark plug in 

the normal p o s ition, whereas the variable area nozzle gives a satis

factory spray. 
\ 

This demonstration indicates that ignition at very high altitudes 

w ith a fixed area fuel nozzl e would be very d ifficult or impossible with 

the spark plug located in the normal posit ion. T h erefore , resear ch has 
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~ , 
been conducted here on methods of starting full scale engine s equipped 

#~..... 

with fixed area nozzles and with variable area nozzles (point to each). 
1~ 

Our research results confirmed the demonstration in that we ... ..

... 
 found that, with the coarse, poorly developed spray, it was impossible 

to get ignition at high altitudes with the normal engine configuration.I .. 

;~ 	
However, it was learned that it was possible to ignite by moving the 

spark electrodes into the fuel region and providing a more intense 

spark than originally provided. By these changes altitude starting 

(limits) were raised 50% • 

.'" As Mr. Fleming mentioned, after ignition is obtained in the 
.. 

~ burners where the spark plugs are located, the flame must propa

v ~ 

gate through the cross -fire tubes to the other burners, and that brings 
,t 

us to the second phase of the starting process, namely, flame propa

, ,. 
gation (point to it). 

~ . 
 
.	 It was learned that, with some engines at very high altitudes, 

.... 

it was possible to get ignition of one burner, but the flame would not.. 
 
,~ 

-.. 	 propagate. Research on this problem indicated that larger cross -fire 

.~ 
tubes would allow the flame to spread to all the burners at the very.. 
 
high altitudes at which ignition was obtained• 

• -< 

Thus, the maximum altitude at which ignition and flame propa
..... 

~ 

gation were obtained with a coarse fuel s pray w e re increased 50 ¢ ? 

~ 
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In addition to the r esearch on methods of s tarting w ith a 

coarse fuel spray, the effect of a fine spray from the variable area 

nozzle (point) is also under investigation. Although results to date 

have been obtained only at sea level conditions, marked improvements 

have been obtained in ignition and flame propagation. With such a spray, 

ignition and flame propagation occur almost instantaneously when the 

\ 	 s p ark is located in the normal position (point) and with the conventional 


size cross - fire tubes. This is in contrast to the results obtained with a 


spray from a fix ed area nozzle where there is c onsiderable delay. 


.-. 
W e have a 	movie to show you the types of ignition and flame .. 

<-. propagation that a ·;r. e obtained with both types of nozzles installed in 

, ~ 
a turbojet engine. First, we shall see the results with a fixed area 

.' 
type. This 	scene is taken in the control room where the operator has 

< • 

turned on the ignition and is now opening the fuel throttle and the main 
~ , 

fuel valve. The temperature gage will indicate temperature rise when 

igI\ltion occurs. There is a delay between the time the throttle is opened...-. 

and the temperature begins to rise. During this time, fuel is accumulating 

~... 
i n the engine. Now , the temperature is rising rapidly a n d the operator 

is pulling back on the throttle to keep from exceeding a safe operating 

temperature. Now it is too h i gh -- now dropping -- now up again while ... 
~ 

the op erator juggles t h e thrott l e . 

To s how what happened inside the e n gine dur ing s uch a start 

we h ave n ow a v iew of t he engine fr om the r ear wit h the tail pipe and 
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.( .. exhaust cone removed to permit a view through the turbine into the 

., 
combustion chambers. After the spark is turned on and the throttle 

opened, there is a delay before the coarse fuel droplets are ignited.~" 
",i-

Now you see ignition in the two burners provided with spark plugs and 

now the slow, erratic flame propagation to the adjacent burners. The 

I~ 

flame is burning through the turbine because the large drops of fuel ,. , 
; are not burning efficiently. Finally, the flame draws back into the 
 

> combustion chambers. Now I will show ignition and flame propagation 
 .I • 

~ , with the finely atomized sprays. The operator opens the main fuel 

valve only and allows the throttle to remain at idel fuel flowposition. 
T 

Ignition is quite rapid as you note by the temperature gage. The 
•T 

.. temperature rise indicated by the gage is slower than the actual rise 
~ 

" due to thermocouple lag. Note that the temperature reaches and 

•1, remains"' at the limiting value with no movement of the throttle . 

, . 
This, of course, is very advantageous from the point of view 

of the pilot. Now we shall see the view of the engine again and the 

....• 
ignition is so rapid you must look closely to see it occurring. The 

.. 
flame quickly draws back into the combustion chambers, indicating good 

combustion efficiency. The movie shows conclusively that the fine spray 

from the variable area nozzle gives marked improvement over the coarse 

spray from a fived area nozzle in both ignition and flam e p ropagation at 

sea level starting conditions. 

We expect to extend our research to altitude starting conditions 

in the near future. 
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." Mr. W. A. Fleming or Dr. Gibbons: We have seen that the .. 
maximum altitude at which the pilot can expect ignition has been raised 

• 
lor 	 

by 50 percent over that at which consistent ignition was previously 
..t~ 

obtained, and the maximum altitude at which flame propagation can be 

obtained was also raised by 50 percent and is the same as that for 
/~ 

f ; 	 ignition. Now the problem becomes acceleration of the engine without 

encountering combustion blowout or overheating the turbine. The 

effect of altitude on turbojet engine acceleration and the results of 

;-. 

research devoted to raising the maximum altitude for acceleration will 

be discussed by the next speaker, Mr. Wilsted• 

.- .., 

. ~ 

\ 

'\ 
<~ 

, 
" 

.... 
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Part III - Engine Acceleration at Altitude 

H. D. Wilsted or K. R. Vincent 

After ignition is obtained the next phase of the altitude starting 

problem is to accelerate the engine to a useful speed. This acceleration 

involves, however, a fundamental difficulty. The weight of the rotating 

parts which must be accelerated and hence the power required for 

~ . acceleration are as great at altitude as at sea level. However, the air 
 

flow through the engine and hence the power available to the turbine 
 

I' 	 drop rapidly as altitude is increased. For example, at 50,000 feet . , 

~ 

the turbine powe r is only about 1/6 of that at sea level. 

~ In addition to this fundamental difficulty, we also have the 

problem of avoiding excessive turbine temperatures and combustion•.. 
~ , 	 blow-out. Excessive turbine temperatures may result from the injection 

of too much fuel into the combustion chamber. Combustion blow-out 

is encountered when the pilot opens his throttle so rapidly as to supply 

a considerable excess of fuel which actually quenches the flame. To 

obtain an increase in engine and aircraft speed the pilot must carefully ..... 

manipulate his throttle so as to avoid either of these conditions. 

Altitude acc eleration has been investigated at this Laboratory 

, 	.. with a current type full-scale turbojet engine. Some of the results are 

shown on the next chart (C -24188 -B). T he acceleration in terms of 

p e rc e nta ge increase in engine speed in a giv en time interval is plotted 
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against throttle advance, which is roughly proportional to the fuel 

supplied to the engine. Curves are shown for three different altitudes. 

As the throttle is advanced and the fuel supply increased there is a rapid rise 

in gas teIllperature, which produces this rise in engine . speed. At this throttle.'~ 

" ... advance at which IllaxiIlluIll acceleration is obtained, IllaxiIlluIll turbine teIllpera

tures are also encountered. These IllaxiIlluIll teIllperatures Illay exceed the 

/\. 
safe operating liIllits of the turbine. As the throttle is further advanced, ex

~ }

cessive fuel begins to quench the flaIlle, with resultant decrease in acceleration, 

until cOIllbustion blow-out is encountered in this region. The pilot is then ,, .. 
~~ 	 faced with the probleIll of trying to restarthis engine. Now, this curve is for 

a low altitude; at an interIllediate altitude the IllaxiIlluIll acceleration is 

reduced and is obtained at a sIllaller throttle advance. At the high altitude no ..., 
acceleration is obtained and blow -out occurs at a very sIllall throttle advance . .. , 
This effect of altitude on perIllissible throttle advance is very critical for the 

pilot. At high altitude, he IllUSt slowly Illanipulate his throttle to obtain 

acceleration and at the saIlle time fly his plane in cOIllbat. One Illethod of 

relieving the pilot of these duties is to use autoIllatic controls; but this 

cannot increase the rate of acceleration of the engine even though they will 

avoid excessive turbine teIllperatures and cOIllbustion blow-out. 

To return now to the fundamental aspects of the probleIll involved in 

the altitude acceleration, recall that the power required to accelerate 

~ 
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the rotating parts remains constant while the power suppli e d to t h e 

. 
',3 

.... 

turbine drops rapidly as altitude is increased. Now turbine power may 

be boosted by increasing the pressure drop acros s the turbine. In a 

turbojet engine this may be accompli shed by lowering the pressure down

stream of the turbine by enlargement of the exhaust -nozzle area. This 

requires use of a variable -area .exhaust nozzle, so that after acceleration 

has been obtained the nozzle area can be reduced to that for best 

, .. 
performance under normal operating conditions. We have here a model of 

one type of variable -area exhaust nozzle. It consists of two moving 

~ segments which can be opened and closed to change the nozzle -exit area. 

An investigation of altitude acceleration has been conducted 

y 

.. 
, . 

using a variable -area exhaust nozzle. Results are shown on the next 

chart (C -24188-A). The time to accelerate the engine from starting 

speed to full engine speed is shown for a low and a high altitude. The 

solid red bars show the time required to accelerate the engine to full 

~ 	 

speed with the variable -area nozzle in the closed position. This 

exhaust 
corresponds to operation with a standard fix ed-area nozz le. At the 

higher altitude there is an appreciable increase in the time required 

'.1 to accelerate t h e engine to full speed. When an acceleration is made 

with the variable -area exhaust nozzle in the open position, as shown by 

the cros s -hatche d bar s , the time r equ i red t o a ccelerate to full s p e e d 

at both high and low altitudes was reduced to half that required with the 
~~ 
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.. 
n o zzle in the closed position. If this is considered to be t h e maximum. 
time allowed to accelerate the engine at altitude, then it can be seen 

.'" 
that with the variable -area exhaust nozzle it is possible to accelerate 

at a higher altitude in about the same time interval. This improvement 

amounts to a 30-percent increase in altitude.i. 

~ . Another method of improving altitude acceleration is to 

'. decrease the weight and therefore the inertia of the rotating parts, 

"... thereby reducing the turbine power required for acceleration. Methods 

,'" 
of reducing the weight of the moving parts of a turbojet engine are 

~ being discussed at another demonstration. 

Research directed towards further improvement of engine 

..,~ 	

acceleration at altitude is being continued at this Laboratory by 

investigation of the three fundamental problems affecting acceleration. 

.,, 
1. Improvement in stability and control of combustion. 

y • 

2. Increase in turbine power. 

3. Reduction of weight and inertia of the rotating parts. 
~.. 

W. A. Fleming or Dr. Gibbons: We have seen that inserting the 

spark plug further into the combustor and using a larger spark gap and 

higher spark energy, doubling the cross -section area of the cross - firing 

tubes, and installing a variable -area exhaust nozzle has raised the 

m axim um a ltitude at which the p ilot can i gnite the fu e l, exp e ct all the 

,r
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burners to be quickly ignited, and accelerate the engine. This altitude 

at which starts can be made is nearly as high as that limiting operation 

of the engine at constant engine speed which was mentioned earlier. These 

altitude operational limits of starting and constant -speed operation are 

adequate for current turbojet aircraft; however, research is being
I. 

,. .. 	 continued to further extend these altitude operating limits to meet the 

requirements of future aircraft. 

-

., 
" 

. 

.. 





