
ALTITUDE ENGI NE RESEARCH 
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Br uce T. LWldi n 
 

The background noise or rumble that you may notice 

here is caused by t he operation of a turboj et engine i n 

the t est section of t he alt i tude wind t unnel that will be 

used in a l a ter par t of our demonstr ation. 

As essential pha se , or part, of the over- a l l engi ne 

re search program of the Lewis laborat ory i s research that 

i s conducted wit h t he complete, f ul l -s cale engine . It i s 

thi s work wi th the full-scale engi ne that serves t o bri ng 

together or integrat e into the complete engine many of our~.""( 

.. research oontributions on various engine components and to 
-, 

investigat e t he pr oblems of interaction of one engine com

t 't 	 ponent on another . The processes of combusti on in the engine 

are, for example, dependent upon t he nature of the air f l ow 

deli vered by the compressor and , conversel y , the pr oblems 

of compressor design arefufl uenced by the operation of the 

t urbine or the manner i n which fuel is burned in the combustor . 

In addition t o these problems of component i nt eraction, 

a moder n air craft power pl ant is a comp l icated and delicat e 

piece of machi nery and is sensitive to the environment in 

which it is operated. When an engine is operated in the 

upper atmosphere, where temperatures as low as - 1000 F and 
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• 
 
.,.., pressures down to 1 or 2 inches of mercury are encountered, 
 

..... 

-
it does not perform exactly the same as on sea-level test 
 

stands or as may be predicted by theoretical studies . The
... 
operation of actual prototype engines in altitude facili ties 

thus not only provides evaluation and fur ther development 

of the application of f undamental research contributi ons 

to actual engines, but also serves t o di scover and solve 

many diffi cul ties of operation that were not previously 

known or even anticipated . By wor king closel y wi th the 

engine designer s and manufacturers , thi s applied research 

'ho 

~ ~ 	 

has contributed greatly t o the techni cal excellence of our ... 
country 's engines and largel y avoided the need f or extremely 

.... ~ 	 costly, hazardous , and time- consuming engi ne development 

by means of flight testing . Some of the facilities required 

for thi s full-scale engine re search work, such as this 

altitude wind tunnel or our altitude test chamber, have 

a l ready been or will be subsequently described to you i n 

the demonst r ation in our central control r oom . In addition 

to these large r esearch faciliti es, accurate measurement 

of engi ne perfor mance is necessary , which r equir es a 

multitude of compl ex and frequently unique i ns t r uments. 

Some of these instruments have been assembled for your 

inspection on the table at the rear of thi s r oom. 

As representative examples of this work with full-scale 

engines , we have selected for your review today a demonstra
~, 

tion of engine controls research and of research on tail
~. 

.,.... 
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pipe burners for turbojet engines . The f i r st of these two 

demonstrations , that on engine-control systems, will be 

~ l 
presented by Mr . Novik (Ketchum) . 

.) 
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, , Thrust Augmentation 
.... 

Speakers : Mirtin J . Saari 
E. Willi am Conrad 

One of the most spectacular accomplishments in the 

f ield of aircraft propulsion in recent years has been the 
, . 

development of tail- pipe burners for tur bojet engi nes . 
~,. 

As with many important scientific contributions , the tail~ 

pipe burner is characterized by s i mplicity of concept and 
• 

applica t ion. It consist s essentially of an enlarged tail 
, . 

pipe which incorporates a suitable fuel distribution system, 

a flame holder , a combustion chamber, and a variable-area 

exhaust nozzle . Fuel is injected into the gas stream
• 

leaving the turbine , and is burned , thereby increasing the 

temperatur e of the gases within the burner . The elevated 
, . 

temperature results in an increase in jet velocity which , . 
, ~ produces a much greater thrust than can be obtained with 

the ba sic engi ne al one . By application of tail- pipe burners 

in combat aircraft , the take- off distance i s considerably 

reduced, the rate of climb greatly increased, and additional 

thrust is provi ded for high speed bursts during tactical 

maneuvers. 

While the tail- pipe burner plays an important role in 

improving the performance of the subsonic airplane, it 

has become a vital and necessary integral part of the turbo

jet power plant for the supersonic airplane . This point 
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is illustrated in this chart (fig. 4) , which shows the 
~ drag characteristic of a typical supersonic airplane and 

the thrust that can be obtained from its engines both with 

and without tai l-pipe burners. Si nce the thrust must be 

grea t er t han t he dr ag to s ustain l evel f light , i t is 

evident that flight at supersonic speeds is impossi bl e 

without t he tail- pi pe burner ; in fact , the basic turbojet 

engine can furni sh onl y half of the thrust requi red to 

overcome the drag i n the region of sonic speed. On the 

ot her hand , t he tai l - pipe burner provides suffi cient 
, . 

additional thrust to propel the airpl ane not only thr ough 

the speed of sound , but far beyond into the supersonic 

~ .. speed range . ... 
It is , of course , possible to obtain the thrust 

'f .. 

required f or supersonic flight by enl arging the basic turbo

•• j et engine . Wi th thi s pos sibility in mind, let us consider 
" . 
, 

these models of t wo super sonic interceptor ai rpl anes designed 
~ 

f or the same f light conditions . Thi s airpl ane i s powered 

."'" by basic t urbojet engines which have been enl arged to 
,,~ 

provide the t hrust r equi red f or supersoni c flight . The 

extremely l arge engi nes r equi red when tail- pipe burners 

are not utilized resul ts in an unrealistic and impractical 

airplane having poor combat perf ormance because of the 

great weight and high aerodynamic drag of the engines . In 

contrast , this airplane is powered by turbojet engines with 

tail- pipe burners, where the high thrust increase provided 



•• 

- 12 


by the tail-pipe burners permits the use of much smaller 

engines which impose smal ler drag and weight penalties on 

the air plane . While many signifi cant contr ibuti ons have 

been made to the ar t of t ai l-pipe burni ng by utili zation 

of the altit ude research faci litie s at this labor ator y, 

many operational problems must as yet be i nvestigated t o 

meet the ever pr esent demand for f light at greater fl i ght 

speeds and higher a l titudes . 

., The problems of supersonic flight are of particular 

importance . To obtain the high thr ust r equired f or super 
i • 

sonic flight , the gas temperatures must be considerably 

hi gher than those previously employed. Inasmuch as no 

presently known materi a l s will successfull y withstand .. 
these temperatures , cooling of the burner shell becomes a 

'1' ~ " 

,.. vita l necessity. Met hods for providing cooling air wit h 
, . 

minimum losses i n engi ne and airplane perfor mance are being.) 

investigated at this laboratory. 

Al so , since i t is impor t ant to keep the tai l - pipe 

-.. burner a s small as possi ble , problems of burning fuel 

effic ientl y at very hi gh ga s velocities and the el imination 

of combustion instabilities encounter ed under these conditions 

ar e a l so the subject of considerable resear ch effort . 

Since many of you have not had the opportunity to see 

a tail-pipe burner in operation, we will conclude this pre

sentation by demonstrating a burner in action. The engine 



- 13 
... 
... and tail-pipe burner will be run in the test section of 

the altitude wind tunnel and a television camera will

transmit the view across the burner nozzle to the screens 

indicated by the l ights . A microphone l ocated at the test 

sect ion will give you an idea of the noi se generated. 

.. 
.. 

~ 

~ 

~ 

• 
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controls Research ... 
Speakers: 	 David Novik 
 

• J 
James R. Ketchum 
 

~ . 
Our discussi on here today will include two phases of 

r e search i n the altitude wind tunnel , bot h of whi ch ar e 

I. 

... 
receiving a good deal of emphasis and priority at the pre

•• sent t i me . These are engine control s resear ch and tai l 

pipe burner r esearch• . 
We will fir st discuss controls r e search and I wil l · 

' ~ 

. 
attempt to indi cate its importance by pointi ng out the 


var ious functions of a control sys t em for a turbOjet engine , 


the type of problems that exist, and the methods and facilities 


required . 


Let 's s t art out by put ting ourselves in the pilot ' s 

seat with a single control lever (or throttl e ) with which 

we ar e to control the engine over its compl ete operating 

range . Our engine i s above us 
~ 

Phase of Operation 
.. Start 

-.. 
Acceleration 

·" 
.. Ji 

Full Power 

~" Augmentation 
'... 

here on the di splay panel . 

Funct i on of Control 

Fuel flow, ignition, prevent 

overtemperature 

Fuel flow, prevent surge 

and blowout 

Maximum RPM and temperature, 

prevent exceeding limits 

Tail pipe fuel, maintenance 

of limiting RPM and temperature 
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Coming back to earth again, we f ind that there are a 

considerabl e number of required control functions and 

control sequences . In order to relieve the pilot of these 

responsibili ties , i t is necessary t hat the control functions 

be taken care of aut omatical ly , with a single contr ol lever • 

The pilot can then devote his attention to flight and 

~ comba t duti es . 

Now l et ' s se 
\ 
e how just a motion of a single lever in 

t 

the pilot 's cockpit must actuate ot her comp onents in the, , 

~ , control system in order that the functions of the control 
,.. 

system can be ful filled . As an example of this , I want to 

refer to t he first chart (fig . 1), which shows a schematic 

diagram of an engine speed control system."" 
..... 

A generator is geared to the engine which develops
·. 
....., a voltage proportional to the engine speed . This voltage 
, . is brought down to this point , where it is bucked up 

against a voltage determined by the position of the throttle • 
... . 

,:" The di fference in voltage, then , is proportional to the 


'~". difference between the actual speed and the desired or set 
_.... 

speed . This vol tage diff erence i s ampl ified in the·.. 
..... ampl ifier so that sufficient power is obtained to operate 
.... a motor which turns the fuel val ve. The change in f uel 

valve position resul ts in a change of fuel f l ow to the engine·~ 

and an attendant change in engine speed. The new engine 
 
.. 
 speed causes a change in generator voltage so that the 


voltage su~plied by the generator approaches the voltage 


~ 
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from the throttl e . When the two vol tages are equal , then 

the actual engine speed is equal to the desired speed; there 

is no signal int o the amplifier so that the fuel val ve 

r emains f ixed , the engine speed stops changi ng , and the 

syst em i s in equil i brium. 

Some of the actual component s of a speed control system 

such as thi s may be seen on the disp l ay panel . Here i s 

the throttl e , this is the amplif ier, t his if the fuel 

val ve , and t hi s black part i s the motor that operates the 

valve , and this is the generator . 

I t shoul d be poi nted out t hat control of engine speed 

is often only a small part of t he over-all engi ne control 

system. For instance, a control system for a turbojet engine 

with a tai l -pipe burner becomes much more complex, as shown 

on the next chart (f ig . 2). The par t shown i n bl ue is 

the speed cont r ol system just di scus sed . The scheduler i s 

for the purpose of separat ing the engine speed contr ol 

system fr om the control of the variabl es requir ed by the 

tai l - pi pe burner , whi ch are tail- pipe f uel flow and temperature . 

The t emper ature contr ol operates f rom a thermocoupl e that 

develops a voltage proportional t o temperature . This 

volt age is bucked up agai ns t a vol tage proportional to the 

desired temperature , the vol tage difference is amplified 

until it is sufficiently large to run a motor which changes 

the area of a variable-area exhaust nozzle. 
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Now here ' s a typical example of how we can get into 

trouble with a control system such as this . Suppose that 

the temperature changes as a result of a change in tail
" . 

pi pe f uel f low. The temper ature control then changesr' 


. ' > the exhaust nozzl e area . This causes a change i n engine 

' " J 

speed , the speed control changes engine fuel flow to br ing 

back the speed and thi s change i n fuel f low also changes 
~ . the temperature agai n . The temperature control changes the 
. :~ 

, -; 
exhaus t nozzle area once more and we go r ound and r ound t he 

, . cycle . 
, . 

This t ype of i nt eraction i s not a hypothetical case • 

We have actually encount ered it wi th many of the t ai l - pi pe 

~ . ~ burning control s tha t we have investigated. 
.,,, 

On top of these exceedingly compl icated interaction 

~'t 
probl ems , we have the fact that even the control of 

i ndi vidual variable s presents a number of problems . As 
.~ 

an example of thiS, let ' s go back to the speed control 


,--, system discussed previously . 


.. In contr olling the speed of an engine , it is , of 


course, desirable to be able to accelerate or decelerate .. 
as r apidly a s possibl e . One way of doing this is to have 

a ver y high amplification factor in the amplifier- - or as 

we call it , a high control sensitivit y . Thi s would mean... 
that only a small voltage signal into the amplifier would 

.. result in a large change in fuel flow and, therefore, a 
~. 

rapid change in engine speed. We have found, however, that 
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in cer tain cases, operation at a 11igh cont r ol sensitivity 

resul ts i n extremely undesir able engine characteristics. 

We are going to illustrate these undesirable engine 

characteristics by running the engine now in the test 

section of t he wind tunnel . The engine i s instrument ed 

with electrical pick- ups that devel op voltages proportional 

to the vari abl es being measured--as for instance, the 

generator whi ch produces a voltage proportional to engine 

speed. These vol tages are then amplified with amplifiers 

such a s shown here on the rack and the amplified voltages 

then can be traced on a recorder such as shown here . This 
, ~ 

recorder is set now to give us a trace of engine speed and 

when I turn it on, we will be able to see the changes in 

engine speed as they actually occur . The engine operator... 
in the control room has set a condition of high control 

sensitivity and we are now ready to witness the undesirable 

engine operation that I want to demonstrate . A loud speaker 

~~ 

.,. . 
, . will also be turned on to transmit t he engine noi se and 

thereby allow us to hear the engine as wel l as see the 
"- .. 

engine data. 
~ .. 
. .: .. We have just seen that operation at a high control 

sensitivity can result in engine instability. These oscil

lations , incidental ly, were about 100 rpm and at a slightly 

higher control sensitivity would have increased in magnitude 

and probably destroyed the engine . This means that if we are 

.J 
to use a high control sensitivity, we must find some means 

of stabilizing the engine . 

4 
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Probl ems such as these can be calculated mathematically 

but, from a practical standpoint , life is too short. In 

dealing with the control of many variables and with the 

inter action of these variabl es as indicated for tai l-pipe 

burning control, t her e ar e so many combinations and per 

mutations of possi ble sol utions that the time r equired for 

these cal culations becomes prohibi tive . So , in order to 

reduce the time required , we make use of an el ectronic 

analog which can give us solutions in less time than i t 

often takes t o write the probl em down. 

Our anal og i s essentiall y a combination of electrical 

networks , each of which i s used to simulate an engine or con

trol characteri stic . By referring to the next chart (fig . 3)"" 
h.,.. 

I believe 	I can give you a better understanding of how this 

s imulation 	is achieved. This l ower figure shows how 

engine speed varies with time f or a sudden increase in 

fuel f low 	as shown by the upper f i gure . This variation 

of engine 	speed with time can be described by a mathematical 

equation and the same mathematical equation is also descrip

tive of a 	very Simpl e el ectrical network, consisting only 

of a resistor and a condenser . If a sudden change in 

volta ge is 	put into this resistor- condenser circuit, the 

voltage out of the circuit will vary with time as shown... 	 
4,,1 	 here . You will note that the two sets of curves are identical 

so that if we removed the descriptive legends, it would be 

impossible to tell which curves were for the engine and 
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which curves were for the electrical network. This is 

exactlYWlat we do in using the analog -- we say that the 

voltage trace as shown on an oscilloscope is not just a 

voltage but is the engine variable itsel f . 

A part of our analog is shown here -- the vari ous 

knobs are for adjus tment of s imulated engine and control 

character i stics and the pl ug- in cor ds are for interconnecting 

various engine and control components . The characteristics 

of the engine that we have just operated have been set up 

on the analog and by turni ng on the oscilloscope we can 

see how the engine speed is shown to increase at a setting 

of low control sensitivity. Now, as I increase the control 

sensitivity with this knob, you can see that the engine 

speed increases at a faster rate but that we obtain more 

and mor e oscil lations -- until~ finally arrive at the same 

type of ins~ability that we have just witnessed with the 

actual engine . 

Through the use of the anal og we have been able to 

determine a corrective network that will allow us to 

eliminate the engine instability and still permit the use 
J . .. 

of high control sensitivity. This corrective network has .. been set up on the analog and as I switch it in you can see 

that the engine has become stable without reduction of the 

control sensitivity. 

Now let·s go back to the engine and see if this corrective 

network will work in actual practice. While I have been talking, 
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the operator in the control room has incorporated the 

corrective network into the control system and we will now 

witness the engine operation with the same high control 

sensitivity as used previously , but with the corrective 

network. 

We have seen then, that the anal og has given us a 

suitable solution to our problem of operation at high 

control sensitivity. Of course, this doesn ' t mean that we 

don ' t need facilities such as t he altitude wind tunnel. 
, . In setting up the problem for the analog we make simplify

i ng assumptions in whi ch we idealize the components and con

sider only the dominant factors involved. An experimental 

proving ground is therefore necessary in order to verify 
.. .,. 

the validity of our assump[ons, in addition to providing 
, 'f 

'T-" us with the engine characteristics that we must know before 
• t we can simulate them on the analog • 
.. 

We hope that this discussion has succeeded in acquainting 

you with the nature of control problems and with the methods 

and facilities we use in our controls research at this 

laboratory . 

We would now like to discuss another phase of work of 

utmost importance in the development of superior engines . 

Mr. _____ _ will take over at this point to discuss research 

concerned with the development of tail- pipe burners . 
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Al t i tude Engine Research -- Figure 1 
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