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... FULL-SCALE ENGINE RESEARCH 
,.. 

Part I - Research Techniques and Fac i litie s 

by Eo Wo Conrad and Martin J o Saari p Jro 

Duri ng your visit here today you will see several examples of our 
research efforts aimed at the improvement of components for jet engines o 
Cl ose l y r e lated to this component research is our work with the full 
scale eng i ne which i s neces sary because of the many pr oblems that 
occur when a l l of these components are assembled into a complete engine o 
I woul d p therefore ~ like to discuss some of the objecti ves p techniques 
employed and faci lities used in our fu l l-scal e engine research o 
(CS-890f ) 

,. 
To better appre ciate some of these problems ~ l et us focus our 

attention on t h i s cutaway turbojet engine (right of stage) o We see 
Jr 	 that the engine is composed of many components ~ the pri ncipal among 

whic h are the compressor . combustor. turbine and exhaust noz zle o It 
shoul d als o be realized that when the engine is installed in an airp l ane p 

a duct with an a i r i n l et is attached to the front end of the engi neo 
Now p though each of these components may be designed and developed t o 

" 	 operate perfectl y as i ndi vidual units . we find that they may not 

'! 	 opera t e satisfactorily i n the environment and conditions created by 
the neighboring c omponents o For exarnple p the flow leaving the com
pressor may be so di storted or uneven as to materially reduce the 
eff iciency of the combustor or to create localized hot regions that 
may destroy the turbine blades o Simi l arly. the inlet duct may infl uence 
t he operation of the compressor i n s uch a way as to cause i t t o stall 
or s urge p resulti ng i n b l ade failures or loss of power out put o Other 
t ypical r esear ch prob lems i nvolving the f ull-sca l e eng i ne are combustor 
blow-out at h i gh al t i t ude . overheati ng of the critical parts of t he 
engine . or uns tab l e action of t he automatic contro l syst emo 

To dis cov er and s olve these many problems i n the laboratory before 
an eng i ne r e ache s the production stage obviously saves an enormous 

" 	 amount of time and effor t o I t further serves t o gui de and e stablish 
r ealistic res earch objectiv es for our future work on advanced com
ponentso 

To carry out this resear ch with fu ll-sca l e engines requi r es some 
large facilities and several different techni ques are used . each 
applicab l e t o a particu l ar t ype of problem o These techni ques are 
l isted in t h i s next s lide (CS-8898 ) 0 They are ~ 

10 Di rect-connect 

20 Free-je t 

30 Supersonic wind tunnels 

4 0 Flight t ests 
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The dire ct- connect t echnique is t~e simp l est and mos t d i r ect met hod 

and i s used to study the i nterna l performance of the eng ineo As shown 
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l arger than the ai r i nl et of the engine itself and thus does not 
a llow the study of prob l ems associated with the external f low over 
t he comple t e engine installationo Theref ore p the effect of spillage 
of air around the inl et or of external flow on t he performanc e of 
the engine e :x:ha u,~t nozzle cannot b e evaluated by this technique 0 

To study these and other similar pr oblems g super s onic wind 
tunnels are usedo In t he wind tunnel s hown i n t his slide ( CS- 8905 ) 
the supersonic stream f ills th e entir e test section and isp t here
fore p much l arger than the eng ine i nstalledp whi ch permits s tudy of 
the external aerodynamics o 

In our 8- by 6=foot supersonic t unnel shown by th i s construction 
model (spot model p extreme upper l eft of stage )p the test section 
i s located at this point o Air at s upersonic speeds is for ced 
through the 8- by 6~foot test s ection by this 87 p OOO horsepower 
compressor o The veloc ity of t he air in the test section can be 
varied from It to 2 times the speed of sound by adjustment of the 
f lexi b l e walls of the test sectiono The a i r ent ering t he tunnel is 
dr i ed by adsorpt i on i n this huge build ing to i nsure proper flow 
conditions in the test sectiono During operat i on of the tunnel p as 
much as 1 ton of water is r emoved f rom t he a i r each minuteo 

To accommodate larger engines at still higher air speeds p a new 
facility depicted by t his model (spot mode1 9 lower left of stag e)p 
i s now under constructiono This facility is a par t of our nation qs 
Uni tary Tunne l s Programo The test s ec t ion of t his tunnel is 10 by 
10 feet and is loc at ,ed in t his buildi ng 0 The air is f orced t hr ough 
the test section at spe eds between 2 and 3t time s the speed of sound 
by these two l arge axial-f l ow compressors wh ich have a total power 
absor ption of 250 pOOO horsepower o It will be noted t hat because of 
the larger t est section and the higher air spe eds p t he power con~ 
sumption of t his tunnel is approximately t hree time s t hat required by 
the 8- by 6=foot s upersonic t unnelo The unique thing about this 
t unnel i s that it can be operated either as a closed~circuit t unnel 
or as an open-circuit tunnelo For propulsion research whe r e f uel is 
burned in the test eng i ne p the tunnel will be operated as an open
circuit tunnelo In t h i s case the air would be drawn into t he tunnel 
c i rcui t through this l arge air drier p through this f irst compre s sorp 
through the test section. and t hen through t he second compressorp 
after which the ai r is eje cted i nto the atmosphere thr ough this 
large exhaust stacko For research probl ems where f uel is not burned 
in the test engine p t he tunnel may be converted into a closed- cir cuit 
tunnel by t he oper-ation of this large v3.1ve and p thereforepthe air 
would fo l low a ulosed path around the tunnelo With this mode of 
operation p somewhat larger ranges of altitude conditions could be 
obtained in the test sectiono 

Just as/the components of an eng ine must finally be proven in 
the engine itselfp so must t he compl ete engine be proven in flighto 
You will recall that the fourth method of full=scale engine res earch 
was that of f light t estingo The ne xt speaker will discuss some of 

the general aspects of our full=scale flight research worko 
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in the next slide ( CS~ 8903)p the engi ne p i n this case a ra~jet 
engine p is mounted i nside a tes t c~amber on a thrust stand with t he 
air duct connected directly to the engineo The pr essure and tem
perat ure of the a i r i n t his duct are ma intained at t he s ame values 
as exi st i n actua l h igh speed fl i ght o The pressure of t he t es t 
chamber is ma i ntained at the desired al titude press ure o Thus the 
eng ine perf orms as i f it were operating at high al t i tud e o 

While th is method permits study of problems related to t he eng i ne 
itse l f p i t does not simul ate the c onditions existi ng i n the c omp l e t e 
air i n l et systemo To study these effects i ntroduced by the ai r i nlet» 
t he free-j e t technique shown i n the next s lide ( CS-8904) is used o This 
me t hod is s i mila r t o the di rect-connect method except t hat the i nl et 
duct is rep laced by a nozz le whi c h pro duc es a supersoni c jet of airo 
Thus t he air i nl et of t he engine is comp l ete l y submerged with i n a 
stream of a i r that s i mul ates supersonic f l i ght at hi gh alti tudeo 
This f r ee-jet t echnique is being used at the pres ent time in a study 
of two ~research versions " of ram~jet engines in these t wo t est 
chambers ( open lids on test cel ls to left and right of aUdi ence) o 

The i ns tallation on your left is i l lustrated schemat ica lly i n 
t his sl i de ( CS- 8904 ) o Such an engi ne p with a straight symmetrica l 
i nl et ductp wi l l be used on a missile of this type (Spot mode19 off 
stage p l eft cent er)o The insta l lation on your r i ght i s illustrated 
by this next s lide ( CS- 8902 )o In this case the engi ne inlet is 
semi-ci r cul ar i n shape and consequently the superson i c nozzle is 
a l so of s emi-circul a r cros s sectiono Such an inlet ~ with its curved 
a i r ductp would be used in a missi l e l i ke this (spot model p off stage p 

ri ght center ) where the engi ne is buried in the fus e l age 0 From this 
bri ef description it is seen t hat t he free- jet techni que i s a refine
ment of t he di r ect-connect me thod i n that i t permits t he stu dy of t he 
internal perfor mance of the comp l ete power p lant system. including 
the a ir inle t ducto 

The newest and l argest facility i n which these two techni ques 
are used i s t he Propul sion Sys t ems Laboratory in whi ch you are now 
seatedo This fac ility is i l lustrated by thi s construction mode l 
(spot mode l p upper l eft center )o The two tes t chambers p i n whi ch our 
r am-jet engines are installed p are located here o All of th i s remaini ng 
equ i pment is us ed to provide the proper envi ronment for the test eng ina~o 

The ai r i s delivered at hi gh pr essure by s ever a l compres sors l ocated in 
t h i s Equipment Buildi ng o Also located in this buildi ng are ai r dr i er s p 
r efr i geration turb ine and air heaterso The low pre ssure i n t he test 
chamber required for alt itude simul ati on is provi ded by several l arge 
suction pumps or exhauster s i n this b uild ingo The extreme l y hot 
exhaust gases from the engine ar e cooled by these l arge coolers 
before passing i nto .the exhausterso 

With this facilityp and our direct-connect and free- jet t echniques p 
we can p you will recall p study the interna l pe r formanc e of complete 
engines and their 8,ssociated inlets·o A limitation of the free-jet 
technique is p of courS8 p that t he supersonic stream is onl y 8, little 
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Part II - Flight Tests of Full-Scale Ra~Jet Engines 

by John Ho Disher and Leonard Rabb 

As the previous speaker pointed out~ in order t o obtain a com
plete performance evaluat ion of an engine ~ actual f light tests a r e 
required in addition t o t ests under s i mulated c ondi tionso Conditions 
which are encountered i n f light and which cannot r eadily be simulated 
include high acce1eration~ with rap i dl y chang i ng a l t itude and Mach 
number 0 

I n order to obtain thes e f light data on one i mportant t ype of 
engine ~ the ram j et ~ the NACA has flown a se ries of r am-j e t prope1led ~ 

pilotless models s imilar to t hese on the s t age (lef t) o Now~ befor e 
going on t o discuss the se f light tests~ l e t us cons i der the character
istics of a ram-jet engineo A schematic di agram of a supersoni c ram 
j et i s shown here (overhead 9 center)o 

The ram- jet eng ine ~ i n contrast wi th t he t urboje t eng ine~ has 
no movi ng air compre ssor and depends on f orward velocity to compress 
or ·ram~ a i r i nto t he engi neo The ai r i s slowed down in the engine 
di f fuser wi th a resulti ng i nc rease in pr e ss ureo Hea t is added to 

.' . 	 t he compressed ai r i n a combustion chamb er~ and the heated a ir dis 
charges from an exit nozz l e i n a steady stream at a high veiocitY9 ... 
giving a t hrust forceo It is apparent that at zero s peed g the 

, . engine has zero t hrus t and some means must be pr ovi ded f or obtaini ng 
the initial speed requi red for operationo Launchi ng the model 
from the ground with booster rocke ts. or launching f r om an airplane 
are two methods that may be used to obtain t his i nitial ve 1ocity o 

The NACA has used both of these methods f or launching rarrFjet 
eng ines 0 Typical altitude t i me hi stor i es for both the air- l aunched 
and ground-launched models are shown in this slide ( CS- 890P)o The 
air- launched mode l s start off at high a l titude and low Mach number 
and reach maximum speed near s ea l evelo The ground- launched models 9 

on the other hand. accelerat e upward and reach maximum speed at high 
a l titude o 

We have a brief movi e showing t he two meth ods of launching 0 Fi rst 
a ground launch f iring will be sh own o The mode l you wi ll see is 
similar to this one on the stageo The model is a twin engine r am- jet 
prope lled vehic1eo The two engines are mounted t o the tail surfaces 
of the vehicle and are about 7 inche s in diarneter o (Movie) Here 
the mode l is shown as it i s brought to t he l aunching ramp~ and here 

. 	 it is on the ramp ready f or f iringo The booster ro cket is in tandem 
~ 

with the mode1o The booster will' accelerate the model t o a Mach 
number of about 202 after which th~ booster separates and ram jets 
take overo The mo del reaches an altitude of over 100 9 000 feet during 
the fl i ghto (End movieo) 

.,. 
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The air-launched engines have been ei the r 16 i nches in diameter ~ 
as this one (s tandi ng off- stage right) or 10 i nches i n diameter as 
the smaller one (on stage ~ extr eme r i ght )o The l arger engines have 
been used for gasoline fuel tests whi l e the smaller engines ar e used 
f or experiment al fuels of limited ava i l abilityo 

In the next f ilm sequence ~ air l aunching of engi nes simi l ar to 
t hese i s shown 0 (Movi e) Here the pl ane is shown in fl i ght with a 
l 6=inch engine under t he wing o The engine is ignited on the air 
p l ane and r e leased after satisfact ory operation is observed o Now 
we see one of t he smaller engines on the l aunching pl ane o The 
eng ine is aga i n igni ted and observed before release o Launchi ng 
occurs at about 35 ~ 000 feet altitude and the mode l s reach sea level 
about 40 seconds after release from the carri er pl ane o (Movie of f o) 

Now there is littl e po i nt i n flyi ng these p i l ot l ess models unless 
we can know accurate l y how the engine is performing through out the 
f lighto (Pick up telemeter unit from she l f a t rigbt)~ To do t his we 
use equi pment ca lled a telemeter g which i s contai ned i n t he forwar d 
part of the en gi ne i s l and ~ or centerbody ~ of t he air- l aunched models 

or in the f use l age of the ground-launched vehic l e s o A t elemeter 
unit is simply a s mal l ~ highl y refined radio t ransmi tter which is 
designed to transmi t da t a rather than voice or mus ico The radi o 
signal transmitted changes systematica l ly wi th variations in the 
quantities measured o It i s possib l e to t ransmit v i r t ually any 
measured quant i t y by this means with an accuracy comparable to that 
obtained with c onventi onal ins t rumen tation o Thi s particular telemeter 
is e quipped to transmi t e i ght pres sur e and acce l erat ion measurementso 
The telemeter is on the ,ai r right now and t he t r ansmi tted s i gnal for 
one of the pressur e measurements i s bei ng p i cked up by a receiver 
beh ind the s tage and fed into th is os c i l loscope ( r i ght center) o Watch 
the signal change as I chang e the pre s sureo Although here the signa l 
is only transmi tted a few feet ~ and the t r ansmi tter is s t ationary p 
accurate result s have been ob ta ined while the models are trave lling 
through space at a velocity of over 4000 mile s per houro The data 
are recorded at gr ound recei v i ng stations on r ol l s of photogra phic 
paper like t his (hold up section of char t r ecord)o Here is an 
excerpt from a typ i cal record o A one- sec ond t i me i nterva l has 
been i ndicatedo Each measurement i s repres ent ed by a separate line o 
The change in condi t i ons here (poi nt t o r i ght end of chart) were p 
in this particular c as e p caused by the mode l running out of f uel 
and starting to slow down o 

Duri ng t he past severa l years that these f light t ests have been 
in progress g we have demonstrated the value of ful l sca l e eng i ne tests 
by the free flight techni que o Signifi cant increases i n fue l economy p 
Mach numberp and range have be~n observed o One of t he i nteresting 
phases of our ram~jet research has been the control problemo This 
subject will be discus sed by t he next s pea ke r p Mr o 

., 
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Part III - Ram Jet Controls. ~ 

.;c. 	 by Seymour Co Himmel and Fred Ao Wilcox 
. r 

The purpos e of 	this p4ase .of our discussion of ful l~ sca le engine 
research is t o acquaint you ~ith some of theproblems associated wi th 
the control of supersonic engines 0 To help us in this di scuss ion we 

~ 

.. . have a number of visual aids up here on the platformo In addition t o 
the model of t he ram-jet engine (o~rhead) there are several gages 
(left center) to indicate the 'operat ing conditions of the engine p and 

> 	 over here (ri ght center) . a thrbttle which enables me to change the 

operating point of the engine o 


~ Mro br i efly descr i bed the operation of the eng i ne and 

I would like to dis cuss the operation of the air intake sy stem a
to 
little more deepl y o The i nl et of · the ram jet is the compressor f or 
the engine and as Mr o noted. it has no moving parts and com
presses the ai r by slowing it down 0 You can bring this to mind perHaps • 
by recalling what you feel when you put your hand out the wi ndow of 
a moving aut omobi l e 0 You feel a force acting on your hand because 
your hand is slowi ng down an air stream which results in an increase 
in the pressur e of t he air and thus the ai r pushes on your hand o The 

.,. same sort of t hing happens in the inlet of a ram jet and as l ong as 
we are flying at subsonic speeds the transition from veloc i ty t o 
pressure occurs gradua l ly and smoothly along the length of the 
diffusero Once we attain supersonic f light speeds an enti re l y new 

.,. .. 	 phenomenon arises =- this is the phenomenon of shock waves o A shock 
wave i s a very abrup t transiti on from ve l ocity to pressure and it 
occurs in an extreme l y short di s tance o 

In the i nl e t of a ram=jet engine there are two such shock waves o 
" The first of t hese or i gi nates at the tip of the i nl et cone or spi ke 

and is oblique to the air streamo The second is l ocat ed within t he ..r' 
diffuser and is at r ight ang l es or normal to the air streamo The 
over-all compression provi ded by the diffuser depends on the location 

.... 	 of the norma l shock wave and this in turn depends on l y on the rate a t 

which we are burni ng fuel in the combus t i on chambero As we increase 

the fue l flow p the intensity of the combustion process inc reas es and 

t he normal shock moves forward p providi ng the increased pre s sure
.. '" 
required to f orce the now further expanded products of combust ion 
out the exhaus t nozz l e o At the same time you may have noticed t hat 
the thrust of t he engine increased o Thi s proces s continues as I 
continue to i ncrease the fuel flow to the engine unti l such a point 

~ that the normal 	 shock is at the cowl l ip o At th is condi t i on the 
diffuser is producing the m~i~um pressure which it i s capab le of 

.. '" providingp and any further increase in fue l f l ow cannot provi de t he 
increase of pre ssur e needed to push the gas es out the nozzle o The 
only thing that c~ h~~p~n is . for ' ~~e eng i ne to use l ess alro It 
does this p as I in~reas e the fUel f low p by expe lling the nor~l... shock and spilling the excess air about the cowl o 

'(' 
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Under these c onditions ~ the flow ~ntering the engine f r equently 
becomes unstabl e and the expelled normal shock oscillates as you can 
se~o Further increase of fuel flow merely pushes the normal s hock 
f urther forward and in an '/J:ctual ' engine ··the· oscillations -become 
more severe 0 These oscillations can become sufficie~tly bad that 
it either bl ows out the flames in the combustion ch~ber~ or ~ worse 
yet y can structurally damage the engine o 

You perhaps noticed that as I increased the fuel flow beyond 
tha t required to place the shock at the cowl lip the thrust no l onger 
i ncreasedo Observe now~ 
does not start to change 
l ipo Therefore ~ ~t this 
l eas t expend i t ur e of fuel 

as I decrease the fue+ flow ~ that the t hrust 
its value untl l the shock reaches the cowl 
conditio~~ we have a maximum thrus t at the 
flow for this thrust and hen ce the most 

efficient oper a ting point for the engine ~ and one whi ch woul d pr ovide 
a miss ile with maximum range o 

We do not expect to have a pilot to operate the fuel t h r ot t le on 
a flyi ng r am- j et engine and therefore we must provide an automatic 
control system t o obtain the desired engine operationo To do this 
we can use the position of the normal shock withi n the i nlet to 
provide an i ndication of the performanc e of the engine o 

(Drop movie screen to expose animated automatic controlo ) We 
have here a schematic representation of a control sys t em based on 
the shock pos i tioni ng principle o Because we want to have the mos t 
eff ici ent operation of the engine ~ we desire to position the shock 
at the cowl lip o To determine when the normal shock is at the c owl 
l i p we measure a pressure at this point (on conical spike of eng i ne 
overhead) 0 This pressure i s transmitted to the interior of t h i s 
be l lows and t he val ue of the pressure i s indi cated on the pressure 
gage t o your l efto 

When the shock is within the diffuser i the pressure at the cow l 
lip i s low ~ b ecause as you wi l l reca l l i there is a pre s sure r i s e across 
t he nor mal s hock and we are measur i ng the pressure in front of the 
shock now o Thi s l ow pressure causes the bellows to collapse ~ which 
clos es an el ectr ical circuit to an automatic throttle valve ~ calling 
for an increas e in the fuel rate to the engine because we want the 
shock to move forward o As the fuel rate is increased gthe normal 
shoc k is dri v en forward until it passes the cowl lip o When the shock 
passes the cawl lip the pressure at the measuring point increases 
because we are now measuring the pressure behind a normal shock o 
This higher pres surecauses the bellows to rise i closing another 
e l ectrical circuit ~which calls for a decrease in fuel rate because 
now the shock i s too far forward o 

We have a r ranged to be able to simul ate the automat ic action 
of thi s control system as it wou l d occur in an actual ra~jet engine 
in fl i ghto The normal shock is now we l l forward and the measured 
pressure is hi gh and the control is calling for a decrease i n fue l fl owo 
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When we throw the system into automatic simulation j the fuel f low will 
innnediately start t o decreas·e. the the normal shock will move rear
ward and settle out at the CCM"l lip after oscillating about t his 
pointo Now ,we will throw the system on "automatic" (operates l ower 
lever!> right center) 0 With the shock at the cowl lip we have the 
desired maximum thrust at minimum fuel flaw for this thrust and the 
control i s calling for neither an increase nor a decrease i.n fuel 
rate o 

This control system and others have been successfully appUed 
to the operation of a full-scale ram-jet engine in the 8- by 6-foot 
Supersonic Wind Tunnel over a wide range of flight conditionBo 

Thus f ar we have discussed a control for an engine operating at 
a fixed flight speed, in particular.\> the design speed of t he inlet o 
This is only a part of the problem because engines will have to fly 
at speeds ot her than design.\> as a matter of fact ~ over qui te a wi de 
range of flight speedso When an inlet is operating at a speed other 
than design v it is not very efficient» and to obtain efficient oper a
tion over a r ange of flight speeds, we ~t provide cert ain adjustabl e 
f eat ures i n th e inl et systemo This further complicates an a lready 
compl ex control problem for the inlet control must be linked to an 
al r eady complicat ed engine controlo 

We have here above us (on hoist above backdrop ) a turboj e" 
engi ne instal lati on Whose inlet system incorporates some of the 
adjustable features requi red for efficient supersonic f lighto This 
is the first compl ete turbojet installation t o operate in an a ir 
stream at Mach number 20 0 0 These tests were recent l y conduc ted in 
the 8- by 6-foot Supersonic Wind Tunnele 

The adjustable feat ures in thi s inlet are two in number 0 The 
f irst is the i nlet cone or sp i ke which i s l ocated up forward on the 
engine ~ is pai nted red.\> and has a coup l e of white bands encircling 
it o This s pi ke can move back and for t h in an axi a l directiono In 
i t s present pos ition it is set for operation at speeds from take-of f 
to about Mach 1 0 50 As the flight speed exceeds this value t he s pike 
must be continuously moved forward in this manner (sp i ke i s moved 
by remote control) until at Mach 200 ~ the maximum speed for this 
part icular installation p it is in its most forward positiono 

The second adjustable feature of this inlet system is a bypass 
door which is located on top of the inlet just forward of the support 
strut and is paint ed redo The purpose of this bypass door is to 
niaintain the normal shock at the cowl lip under all engine and f light 
conditi ons D f or in this manner the eng i ne produces thrust mos t 
efficientlyo It does this by opening up to dump overboar d air 
which the engi ne cannot us e o 

During the test program on th i s engine the spike and t he bypass 
door wer e operated by control systems of the shock positioni ng t ype 
similar to that demonstrated for the ram-jet engine o The onl y 
difference was that the controls actuated the mechanisms requi r ed 
to move the bypass door and the spi ke rather than the fuel t hr ottleo 
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This discussion of the supersonic control problem has 9 of 
necessitY9 been limited o It does ~ hawever 9 serve to illustr a te 
one range- of i nvestigation which" together wi th t hose concer ning 
component int eracti on in turbine engines such as thesel)and al t itude 
performance v r equi res NACA research on ~ull-scale engines i n altitude 
tea t chambers such as those on either side of us " supersonic wi nd 
tunnels such as t hose depicted by these constructi on models s and 
on, the free f l i ght rangese Thank youe 
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