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At an altitude of 50.000 feet the pressure &t .ae 81~ is 

Juat slightly over one and one half. pounds per square inch. 

or about one tenth the pressUre at sea level. aad the temperature 

is 670 below zero. These very low pressures and temperatures, 

which are experienced by an aircraft engine in flight at high 

altitude. are greatly increased as the flight speed is increased 

or the altitude reduced. At a flight ~cb number o~ 1.7 at 


moderate altitudes. the inlet air pressure to the engine is 


over 40 pounds per square inch absolute and the inlet air 


temperature rises to over 2500 F. Th~se extremes of conditions 

under which turbojet engines are required to operate introduces 

many research problems which can be investigated only with 
• 

extensive full-scale facilities that duplicate the pressure 

and temperature conditions experienced by the engine at vatious 
'J altitudes and flight speeds_. A major extension of tbis labora­

tory's research facilities to provide the equipment necessary 

for these inve!tig~ tions has recently been completed by the 

installation of the two altitude test chambers located on each 

side of us. 

The details of construction of the altitude test chamber 

and so of the essential features of the engine installation 

are test chamber is 10 feet in.bOWD in tbla d~ '!be 
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diameter and 57 feet long and is of welded steel construction. 

The entire circumference of the chamber from the test section 

to the exliaust outlet is cooled by a water jacket. A honeycomb 
J 

and screen are installed in the chamber before the test section 

to straighten and amooth 
•
the flow of inlet air. Tbe engine is 

mounted on a thrust platform which is supported on ball bear.­

ing pivoted sUP90rts. A keyed arm is connected to the st~ft 

connecti~g the two front supports, and is supported by a 

balanced pressure diaphragm thrust measuring device. The 

engine inlet is sealed from the. exhaust system with a partition 

and a flexible neoprene impregnated diaphragm. 

Some of the equipment which is necessary to provide the 

desired operating condItions fr. t~e test chamber is illustrated 
~i~.31 

diagra~~tically in this sketch. A ,.lr.is supplied to the test 

chamber under pressure by a series of centrifugal compressors 

having a combined capacity of 80 ~ounds per second. This air 

may be either refrigerated to -700 F in this refrigeration 

unit or heated to about 2000 F in this heater. The exhaust 

gases from the engIne are cooled by two shell and tube type 

coolers and delivered to a series of exhausters which are 

capable of maintaining an altitude pressure of 50.000 teet 

in the test chamber. Four new centrifugal exhausters, having 

a combined driving motor power of over 11.000 horsepower, have 

recently been installed as part of this system in the wing ot 

the building through which you just passed. These new exhaus ters 
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may be operated in conjunction with other exhausters ~ this 

l aboratory and either in series or In parallel to provide the 

del ired range ot operational conditionl. 

The range ot l imulated tlight conditions provided b~ these , 
tacllitiel, i nterpreted in terms ~t flight Mach number and 

F/~.3l 
altitude, ls shown in this diagram. lhe maximum flight Mach 

nu.Der which may be simulated at the various altitudes is 
. 

i ndicated by this curve and all conditions represented i~ the 

area below the curve may be obtained. As indicated, these 

It-its are for a 4000 pound thrust engine. For smaller engines, 

the It.1ting Mach number will be somewhat higher and for larger 
-

engines. the possible ch number will be reduced below those 

shown. ch number of about 1.7. which is equivalent to a 

yelocity ot over 1100 miles per hour, mal be obtained at 

altitudes between 40,000 and 50,000 feet. For moderate altitudes, 

lay between 10,000 and 20,000 feet, Mach numbers slightly 

greater than oop or flight speeds of about 800 mph may be 

simulated. 

These altitude test chambers are admirably suited to investi­

gations ot engine performanc~ under altitude conditions and 

one of the principal fields of research to ~hich they will be 

devoted in the -near future is thrust augmentation of turbojet 

enginel. Because the propulsive efficiency of the turbOjet 

engi ne is irherently low at low flight speeds. the take-off 

and cl imb characteristics ot jet planes are relatively poor 

&1 compared to t he propeller driven aircraft. Augmentation of 
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.. the thrust of the turbojet engine is therefore required to 

improve the climb characteristics and combat maneuvers of Jet 

planes. The long take-off runs now required by Jet planes 

is also a serious lImitation .of their usefulness that may be 

overcome by suitable thrust augmentation systems. In addition
"i 

to these take-off and climb considerations an increase in 

thrust output above the performance of current engines is also 

necessary to provide the power required for flight at super­.. 
,- sonic speeds. Various methods of increasing the thrust of 

turbojet engines have been under investigation by the NACA 

for some time, both in the Altitude ~lnd Tunnel and at the Jet 

Propulsion Static Laooratory• ." 

" One of the thrust augmentation methods under investiga~ion, 
fig. 33 

which is illustrated in this diagram'Ais tail-pipe burning, or 

afterburning, wherein the gas tem~eratures, and hence the jet 

velocities and thrust, are increased by burning additional 

fuel in the tail pipe of t~e engine. A diffuser is installed 

.. between the turbiLe discharge and the inlet to the burner 
 
. 
 

~ 	 section to reduce the gas velocities sufficiently to obtain 

efficient combustiGn and reduce tee pressure losses in the 

tailpipe. The fuel is introduced through s~ray nozzles and a 

~ 	 flame seat is provided by a suitable flame hclder at the burner 

entrance. The discharge of the burner is fitted with an 

adjustable-area exhaust nozzle in order to permit control ot• 
~ 	 the turbine back pressure and hence prevent the turbine gas 
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temperatures trom increasing during the burning ot the tuel 

in the tail pipe. 

Another very simple method ot augmentation which has been 

investigated is the inje~ion ot !ater and alcohol at the compres­

sor inlets. The cooling ettect of these injected liquids 

~ results in an increase i~ both the ~ir tlow through the engine 
I 

and an increase in the compressor discharge pressure. The 


increased thrust produced is a result of the increased mass 

-

'. flow of air and liquids and the increased jet velocity provided 

by the higher combustion chamber pressure. 

The third augmentation system investigated here" is the 

, " -+ air bleedoff system and is also illustrated by this diagram,~j.3¥. 
~ ater and alcohol are injected in the compressor inlets, as 

in the method previously discussed. Secondary air is bled 
~. 

. ott from the combustion chambers at appro~imately compressor~ 

discharge. pressure, collected in a manifold, and burned to a 
• 

very high temperature in an auxiliary combustion chamber. 

Additional water and alcohol are injected into the primary'
" 
 

combustion chambers to replac~ the air that is bled off. ~e 
 

have thus provided the engine with a secondary jet of very 

.. , ., . 
high temperature, high velocity gases. 

A summary of the principal results obtained from investi ­

gations ot these augmentation systems at sea-level take off 

condi tions on a 4000 pound thrust engine is presented in this. ~ 
fif·3S' 

~ next chart. A Vn t his chart the percent i ncrease in thrust is 
 
,. 
 

plotted against the increase in the liquid or fuel consumption 
 .. 
and the three lines rep~esent the performance of the tail-pipe 

burning , t he water-alcohol injection and the air bleedof! system. 33 
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It is apparent t ha t the tail-pipe burning system is the most 

economical of the three, that is, for a given thrust increase, 

the liqUid consumption o~ this system is the smallest. A 

thrust increase of 40 percent was obtained for a fuel flow .. 
I> 	 of ~ pounds per aecond to the tail-pipe burner. Although

• 
this poi~t approached stoichiometric combustion in th~ ta~l 

pipe and the gas tempera.tU!"e was about isooo F, the design 

of the bu~ner was such that no external cooling of the burner 

shell or adjustable exhaust nozzle was required. 

The performance of the .a~er-alcohol injection system, 

shown by this curve, indic~tes a maxi~ thrust increase of 

about 26 percent for a liquid consumption of 6 pounds per 

" second. This system of augmentation therefore finds applica­

tion where simplicity of installat~on is of primary 1m~ortance,~ 

'"'i ,. and where the thrust augmentation is required for only short 

periods of time. The principal feature of the air bleedoff 

system, shown by this curve, is the very large thrust 

~ 	 increases that are possible at the expense of a relatively 


h1gh liquid consumption. Because t h is air bleedoff system 


includes the injection of water and alcohol at the compre s~ or 


inlets, the curve intersects the water-alcohol injection curve 


at this point instead of continuing to the point of zero thrust 


increase. The max~um augmentation obtained by this .ystem 


is over 80 percent for a liquid consumption of IS pounds per 

~ 	 

second. By means of this system, the normal 4000 ~ound thrust 

31{ 
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engine y be converted int o a 7000 pound thrust engi ne for 

ahort periods of time . This i ncrease in t hrus t would permi t I 
. 

t he take-off distance to be reduced to 48 percent of its _normal 

value , or f r om say ~200 f ee t to a~ut 1500 feet. If the same 
.. 

take-off run were permissible the total take-off weight of the 

a i rplane could be increased about 40' percent wh ich would result 

in even greater inc reases in the payload. 

11 of t he se re sults are for sea-level, take-off condi­

tions , that is, at zero airplane spe ed, and as such represent 

only part of t he required field of investigation. 30th in­

vestigations i n t he Altitude Ni nd Tunne l and analysis indica t e s 

that the magnitude of t he t hrust augmentation increases 
 

.- considerabl y with i ncreased flight speed. For example, analysis 
 

indicates that at a flight ~ach number of 1.5 t he maximum 
 

< ' ~ 

" . 	 t hrust augmenta t ion by tail-pipe burning is about six times 
 

as great as at t ake-off condit ions. Expressed i n terms of 
 

~ 

• 
engine power, the out put of an engine at this flight speed 

............. at ~O, OOO fee~ alt itude would be 19,000 horsepower wi th tail ­

pipe burning as compared with·onl y 8000 horsepower without 

t ai l-pipe burning. No t onl y are the effects of flight speed 

of importance, but the effect of altitude pressure on the 

combustion characteristics of tail-pipe burners and auxiliary 

combustion chambers and on the effectiveness of water-alcohol 

injection may be significant and r equires exper i mental i nve stigation. 

' 
~ 

. 
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·be installation of these altitude test chambers has 

multiplied threefold the facilities no. availabl e at the Alti tude 

"' ind Tunnel to investigate many of these problems in the field 

.~ of thrust Qugmeatation, as well as in other f ields of engine 

" research. hS previous ly mentioned, alt itudes up to 50,000 .. .'" I 
;.. feet may be obtained in t oe test cha mbers and the fli ght ~peeds 

, obtainable in the hlti tude Wind 'runnel are extended to Mach 

numbers up to 1.7. 
, . 

The necessar] research data for these iLvestigations may 

therefore be obtained conveniently and accurately under condi­

tions actua l l y experienced by a ' turbojet en gi ne in h igh altitude, 

supersonic flight.y ... -( 
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INSTALLATION OF TURBO-JET ENGINE IN ALTITUDE CHAMBER 
 

NLET AIR SEAL AIL PIPE BURNER 

l' 
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REFRIGERATED AIR HONEYCOMB 

SCREEN THRUST STAND 
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THRUST AUGMENTATION BY TAILPIPE BURNING 
 

TAILPIPE 


COMPRESSOR CdMBUSTION FLAME HOLDER--1 ADJUSTABLE 

FUEL NOZZLES 

CHAMBER EXHAUST NOZZLE 
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THRUST AUGMENTATION BY AIR BLEED-OFF 
 

WATER - ALCOHOL 
 
MANIFOLD 

SPRAY 
NOZZLES 

AIR BLEED - OF F 
PIPES 

FUEL NOZZLE 

INJECTION NOZZLE 

MANIFOLD 

BUTTERFLY 
AUXILARY 
COMBUSTION 

MAIN EXHAUST 
NOZZLE 

VALVE CHAMBER 
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'COMPARISON OF THRUST AUGMENTATION METHODS 
 
SEA LEVEL TAKE OFF CONDITIONS 
 

4000 POUND THRUST ENGINE 
 

LIQUID' CONSUMPTION. LB/SEC 

I-­
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OPEaATI O:IAL I CI PROB~S 

• • H. S1I8.DIl 

1. The r~search conduc ted in flight covers a wide range of topics . 

We have arbitrarily selected two researches in order to illu8trate the,• 
• nat ure of our work. The fi rst on which I will speak is in regard to the 

-, icing problem. 

2. The existence of liq~id-water droplets at freezing t emperatures 

i n the atmosphere is t he cause of. the icing probl em. Flight through 

clouds which exist as liquid water below 3~ F produces ice f ormations 

on the airpl ane ".1:-tich reduce the· operational usef ulness of the craft . 

3. (Figw.e'S - pho tograph of ice on propeller and loss in 

propeller efficiency and lights on B-25 propeller.) The f or.mation of 

~ce s~ch as that shown prodaces seriou& unbalance of the propeller, 

physical damage to the side of the airpl ane by the particles shed tra­
\ 

the propeller, and a loss of propelle~ efficiency i ch has been measured 
. 

by t...1.e UACA to be as hibb as 15 per cent . e teorolo£ical conditions other 

than thos e in whi ch our flights were conducted m1g.~t produce a more 

serious loss in ryropeller eff iciency . 

4 • . (Figare31-shonIlf: photograph of ice on em~nnage of 25 airplane 
~ 

and statement ot effec t of ice on the wing empennage drag coefficient .. 
and l i Ghts on 0-25 empennage) . Ice on the leading ed~e of the wing and 

tail surfaces r educes t he max1m~ lift coefficient, therefore increasing 

the stallins speed, and i ncreasing the drag coefficient. The formation 
... 

<# 
of ice on the tail surf aces such a s that shown and the ice which formed 

. 1.JIul. taneously on the wings _ased an increase of 38 percent i n · the 

airplaoe drag coefficient . 
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5 . (Photograph of ic1n£ on ~ltenna masts and ILS receivin~ a .. te~~as 
• 

a nd data indicating the increase of drae, d".le to iC,e on ..iscellaneous 
F,q. 3 g 

expoEed re~ions a~d li~hts on 3- 25 antenna masts) 'A ~~e for~ation of" .. 
ice on t..'le radio ante.lnas sho~n i n this pi c t'.l r e - - to.::,ether wit:-~ the.. 
ice on the inboard leadin6 ed~es , e!l£inlf conl i nf" fusela ,- e d other 
 

"..1Oprotected prot'.lbe~ances ca·.lsed an increase i n t..l-te dra~ coeffici ent 
I, 
 of 43 percent . 

llustration showin£ 3-25 airplane and the spee ~ incre~ents 

Fij.3'
ained as ice was r~07ed fron the ~arious r egi ons) 'I' ~he ~-25 a i rpl aneI ' 

~ 
• 

r illustrated in the fi~re and displayed here was f l own i nto ~e icing 

r · condItion at 205 miles ~er hour ~i th full ther mal pro t ection appl i ed 

to the propel lers . The i ce- protection eqai pment on e res t of t he 

airplane was turned off . Af t er r emain ' in the ici n~ condition for 

I' a feil ninutes at constant pOl"ler, the airspeed had droFped to 1 65 Liles 
 
I 
 

per hour . ',!.'he air;:,l ane wac then flown tnto clear ai r with constant 

eQLine power and ~he cccponents succ essively dei ced . rne chan~e in 

perfor:::.a.nce \'las i ndica.ted i n t he fo llo.7ing order: re~ovin[ ice f r o::.• 


the inboard-~Yinr. panel s i nc r eased t h e speed ~ mile s per nour ; fron 


the tall s~faces an addi ti onal 4 miles per hour ; fro~ the outboard­


panels 12- 1/2 mil es ~er hou~ ; and , ~roffi the en_i~e c o~lin£ 1 


miles per hoar . The airspeed sti l l re~a ined 17 mi les ~er hO".lr l esz 


than the starting speed . ~is i ncre=ent ~as attri b".l t ed to the i ce 


on the f '.lselage, radio antenna s , and other 'mprotec ted pro t ".loe.'ances 
... 

SUCh as th05~ shown in the las t photo~raph • 
.. 

7 . (!llumin~tion of ~- 25 airplane propeller) . e formation 

of ice on a:rplane propel ler s may be prevented b~ heating the propeller­
" 
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"-. 
lade leadinz edges wit~ electric ~:Ier . ~'le 3 - 25 a irplane p ropeller 

.; 

is heated fron an a:.lxiliar: J:0',yer :L'1it ....~thin the airpl a..l'le , the 

I , electri~: t:· ":>e iq~ c oruhc ted to t!":.e propeller t l'1.rout:.h ~lip r i !,,!£s at the 

;,ropell er hu...; . 

8 . umina~iop of : - 24 prcpeller - ~O ~ :.ls spo t on zer.erator ) . 

". 	
~ne ctric power for hea t i nL ~he blade leaci~~ edc e~ of the ~-~~ alr­

lane propellers i s obtained ~J · a h:.l~ - type Lehera tor on each pr opeller 
-' 

. . 1ch elL~i nates the need ~or s l ip ring s . 

(Spot-l i eht i l l'l~ ina tion of : - 2 4 hea~ e7.c~anger a~d je twee~• 

nac ell e ~ng l eadi ng ed: e) . I c e is pre~ented on the l eadinb ed~es of 

win~ s a~d ta :l s:.lr~ac e s by the passave of hea ted air t~oa&h t he 

s ~rfac e~ of ~~e leac int edi e. The ne~te~ a ir ~ay be o~ ta ined ~roo the 

eat e~:cha.'1rers in the en.:ine- :37':-.aus t SJstB:L suc~ as displayed h ere - ­

~ 	 or ":> ~. CO!:1":>·.lst~on h eater s I !! .ihicn f .leI is ":>:lr nec to ::eat t.:'l e air . .... 

c a~aci ty of f our h eat exchan~ers of the t Y} e sho~n i s adequate to 

provide ic e protection for all part s of t!le airj:: lane and fo::, can i n hea tir:..... 

10 . (3acl~ l:'cn.t i n£ of pilots' -.v1nds!lie l d) . Ice ~n t h e iVindshield s 

c an be ~revented oJ t h e pas s as.e of h eated a i r ~ ei: ','fee!1 t -;<[o parall e 

:!Janes of -,vi ndshiel..l Elass or by t:-: e c. i ss ipa t :' on o~ e lectric po .-o'er 1n 

~ 	 tra~~parent coa~lnL s of ~i£h el ectric r e sistanc e en ~he ~l a~s . 

11. Data wher eo:- anti- ic ine, eQui p::en t nay be ::esi :ned for al l 
 

par ts of the airplane haOl e ~een e sta'o lished tn:-o :lE.h !:A. ~A fl i gh t 
 

r esearch and distributed to the avia t ion i ~du s try . A:I of t he new 
 

'o~ercial transpor t airyl anes and a l l of the new ~ul t l- en£ine oili ~aF 

alrc r afte!:lploy the t:lerrnal ice-prevention sJsteo ',1:11ch has bee!; 

de':elo~3d t!u'o:J. ..:.,h tne cond.lct of these !"e searct'~es . 

tfo 

http:l:'cn.ti


18. (Dl-1nation ot ra&.e on B-24 airplane). One phas. ot 

tim will ~.t..-1De the usefulness ot airborne 

atiODl. 

." -­


.,iotas co~ltioD8 and 1n avoiding .udn condition. 

'-'~~ UDdentaDlUng or. the aet.orological coDditiona 
J 

1UU.-.a cau.. t;ba toftlAti on ot ice in the atKospllere is being sought 

in order tbat .are~ettici8nt and lighter weigpt anti ­. . 

be d.signed. It is expected t hat the investi­

&1QJCIII .Ot the ..teoroloSJ ot icing will result in better weather tore­

aDd sat.. air operations 1n the vicinity ot ice condi tions 

botb ot Which "7 help to reduce the amount ot anti~icing eq~ipment 

eel on the a1rplaae.___ 

1". Ifbat is all that I bave to contribute . The next topic 

hu to do nth aircraft propulsion at high speeds. Mr. Kinghorn 

will discus oar r euarch on the r am-Jet ~ine • 

• 
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