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TURBOJET RESEARCH 

~ Theoretical and experimental research has shown that the greatest 
• 

cruisi ng range of turbojet-powered aircraft is obtained at high al titudes . 

However, the t urbojet engine in its present stage of development has 

several char 's'cterist i cs which restrict i ts effecti veness as a high- altitude 

power plant . Two such charact eri stics of major importance are combustion 
~ 

~ 

• 
bl owout and engine accelerati on. A study of t hese characteristics by the 

NAGA has indicated certain desi gn trends which woul d improve the ef fecti ve

ness of the turbo jet engi ne at hi gh alt itudes• 

t

• 
Research on t urbojet engine components , particularly combus t ion 

chambers , has considerably i ncreased the alti t ude at which an engine can

• be operated over a full range of engine speeds wit hout encount ering co~ 
F"~(j'{e 6"3 

~ bustion blowout. The f i rst slideAshows results obtained in the altitude 

• wind tunnel on a parti cul ar series of engine s . In 1944 the altitude limit 
0( 

T 
of a typical turboj et engi ne was 19, 500 feet . Mainly through progressive 

• improvement of combustion chamber design, the maximum altitude was increased 
~ 

to 30, 000 feet in 1945 and to 45 , 000 feet in 1947 . Inasnru.ch as combustion 

bl owout i s associ ated wi t h 1my combust ion chamber pressures whi ch occur 

in hi gh- altitude fli ght at l ow engine speeds, the maximum altitude could 

logically be increased by raising the pressure l evel t hroughout the engi ne . 

Gonsequent~ the eff ect of increasi ng t he design compressor pressure ratio 

on t he maximum altitude and engine performance should, therefore, be 

considered. 
f l 9v'(e ~~ 

The next slide" shows the maximum altitude at which an engine can be 

operated from idling to rated speed plotted against compressor pressure 

ratio . For an engine with a compressor pressure rati o of 4 to 1, which is 

representative of most existing turbojet engines, the maximum altitude is 

http:Inasnru.ch
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45 , 000 feet . By increasing the pressure ratio to 8 to 1, the maximum 

altitude is raised to 59,000 feet and a further increase in pressure ratio 

to 16 to 1 would allow operation at all engine speeds at 74, 000 feet . 

Further studies indicate t hat i ncreased compressor pressure r atio will 

also result in reduced fuel consumption which can be interpreted in terms 
Fi9/)'te ~ 

of increased crui sing range. The next s lide/lshcrNs the relation between 

compressor pressure r atio and relative range f or an airplane with a t urbo

j et engine cruising at 500 miles per hour at an alt i t ude of 30,000 f eet . 

The range of an engine wi th a pressure ratio of 4 to 1 is used as a 

r efer ence. Calculat ions indicat e t hat by doubling t he pressure rati o, t he 

range is increased by 18 percent . An increase in pressure rati o from 4 t o 

16 results in a 40 percent inc r ease in range. These resul t s , theref ore, 

indicate that i ncreasing the compr essor pressure ratio wi ll not only 
of 

increase t he maximum operating alti tude but wi ll also give substantial• 
gains in r ange . Considerable effort is being devoted at thi s l aboratory 

t' 	 

t oward impr oving compr essor performance, as is being demonstrat ed in other 

present ations today. 
~ FI90re bb 

Now l et us consider the accel eration problem. The next slid71shoWB 

t he t i me r equired t o accelerate t he engine so as to increase t he thrust from 

30 percent to 100 percent of r at ed thrust as a f unct ion of altitude. At 

sea level , the t ime required t o obtain t his thrust increase is about 4 

seconds. I t is characteristic of a turbojet engine t hat , as the altitude 

is raised, a l onger peri od of time is required to obtain a given thrust 

increase b.Y accel erating t he engine because the avail able turbine power 

decreases with a reduction in air density while the inertia of the rdating 

parts remains constant . The acceleration time increases with altitude 

until at 60,000 feet the same thrust increase requires 42 seconds. However, 

" 
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from a 	tactical viewpoint it is often necessar.y to increase the thrust moreI( 

• 	 rapidl y than this . Because very little can be done to reduce the inertia of 

the rotating parts or increasing turbine output without exceeding existing 

allowable temperature limits, the sit uation demands some means of changing • 

t hrust wi thout changing engine speed. At a constant engine speed, the 

velocity of the exhaust jet and consequently t he thrust can be changed by 

a variation in exhaust nOZzle area . B.y use of a variable-area exhaust 

~ 

• 
nozzle, t he engine can be operated continuously at r ated speed and t he time 

required t o change the thrust from 30 percent to 100 per cent of rated thrust 

i s i n the order of 2 seconds or les~ at all altitudes . A t ypical variable• 	 S~e PllOt0f''(~P~ c- 223'17 
~ area exhaust noZzl e is shown here~and the r ate at which thrust can be 

increased or decreased is a functi on only of t he speed of the nozzle actuator . 

The variable-area exhaust nozzle is a solution to the acceleration~ 

• 	 problem, but consideration must be given to i ts effect on operating econo~ 
• 

over the range of engine t hrusts . 
Ft"rjore 	>7 

'" The next slide~shows specific fuel consumption pl otted against percent 

of rated engine t hrust for a fixed-area and a variable- area exhaust nOZzle. 

Over the range of thrust values shown, the specific f uel consumption of an 

engine wit h a variable-area exhaust nOZzle operating constantly at maximum 

engine speed Was about 6 t o 8 percent higher than f or the f ixed-area nozzle 
• 

where t hrust changes are obtained by changing engine speed. However, these 

results 	were obtained with an experimental variable- area exhaust nozzle 

which had a considerably lower efficiency than the fixed-area nozzle . Cal
,'« 

culations indicate that for t he engine considered here having a variable-

area nozzie with the same efficiency as the fixed-area nozzle, the specific 

fuel consumption will be slightlY better than that obtained with the fixed
,~ 

area nozzle. It should be emphasized that the effect of the variable-area 
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~ 

nozzle on specific f uel consumption would vary from one engine to another 

depending on the characteristics of the engine components. Investigations 

at this laboratory of variable-area nozzl es on other engines have shown as 

much as 6 percent reduction in specific f uel consumption in compari son wi th 

" .. the f ixed- area noz zl e. Research work is being continued t oward improving 

the efficiency of t he vari able-area nozzl e. 

Thus from the theoreti cal and experin~nta1 results presented here , 
~ 

•, 
i t i s evi dent that the effectiveness of the turbojet engine at hi gh altitudes 

can be greatlY i mproved by i ncreasi ng the compressor pressure ratio and by 

use of a variable-area exhaust nozzle. 

• 	 Mr. Gray will present the next discussion on icing research on turbo

jet engines • 
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The Vulnerability of Turbojet Engines to I cing Condit ions 

Gentlemen: 

An axial~flow turbojet engine may be rendered compl etely 

inopera tive after one to six minutes of f light in severe icing• 
conditions. We shall illustrate some serious t urbojet ice 
 

>- formations, explain how these ice deposits handicap a jet 
 
~ engine and describe what methods may be used to prevent the 
 
t-

f~mation of ic e . The accre t ion of ice around a jet engi ne 

inlet in f light can be seen in t he following short movie whi ch 

shows s everal views from l as t season's icing fli ght s . (s tart 

movie ) A turbo jet engine was suspended beneath the wing of 
~ 

a B-24 whi ch was f ully equipped f or all-weathe r f lying. The 

t urbo j et was oper ated continuously during the fl ight s and 

measurement s were made of the t hr ust, a irflow, f uel consumption 

and tai l-pipe temperatures . Ice firs t become s evident i n a 

thin smooth line a r ound t he inlet l i ps. Wi th passage of time , 
'I 

thi s forlnation can be seen to widen, become thicker and more 
" 

... 	 irregular, and take on a variety of shapes. More diffi cult 

to see , and not usually visible to the pilot, is the ice which'" 
-< 

for ms on the acce s sory hous i ng and on the inlet guide vane s . 

All of these f lights were made i n mild icing condi t ions . 

Fr om these fli ght experiences and from icing i nves tigat i ons on 

a f ull- scale t urbojet in the Altitude Wind Tunnel , it has been 
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.. 

established that severe losses in jet engine performance result 

from icing; the resul ts from one of these fl i ghts will be pr e 

" s ented l ater . (end of movie)
Fi9tJY€.. ~~ 

The fir st slide~illustrates why such ice format ions penalize 

the performance of an axial-flow turbo j et . The reduced inlet 

openi ng , the blockage through the inlet guide vanes , and the 
~ 

r oughened duct surfaces all contr i bute towards a mar ke d decrease 

in the r am pr essur e recovery. In addition t he ice forma t ions 

on the compre s sor blades cause a consi derable l oss in compressor 

effi ciency and a consequent decrease i n mas s a i r f low. This 

reduc t ion in air flow and r am pr essure recovery re sults in a 

sizeable loss in net thrust. 

A close-up photograph of t urbOjet icing i s shown by t he 

~ 

FI'9vye ~Cf 
 .. next slide . j\ This pictur e was taken on the gr ound af t er a f light 
 
0( 

of 45 minutes i n mild icing condit ions a t an a verage ai r tempera 
 

ture of 220 F with t he engine operating at low cruise power. 
 

Heavy deposits of ice are seen on the inlet lips, t he accessor y 
 

" housing and the inlet guide vanes. There wa s a l s o measureable
 
" amounts of ice on t he leadi ng edge s of the first stage rotor.. 

and stator b l ades . 

The per formance losses during the fir~t 20 minutes of this 
~/fvre bO" 

icing fli ght are shown on the next slide . AThe l os s in thrust.. 
after ent ering t he icing conditi on was rapid, and after 20 minutes 

the net thrust was reduced 18 percent, while the tail-pipe temperature 
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increased up to 30 percent. Had the engine been operating at 

rated power no i ncrease in tail pipe temperature would have 

been pe r missibl e and an imme di ate reduction in engine spe ed 

would have occurred. This would render the engine less capable 

of inducing air fl ow through the iced pas sages and progres s i ve 

reductions in speed would have taken pl ace sufficient to cause 

complete engine shut-down. 

There are t wo l aboratory-developed methods of ice protec tion 

which can be applied a s modificat~ ons t o present t urboje t eng i nes. 

The fir st of the se , which protects the engine by the elimination 

of wate r from the i nle t air st r eam, is shown on the nex t slide.f7~, G/ 
The main passage to the compr ess or is provided wi th a s creen 

designed t o i ce more qui ckl y t han the compre ssor blades . Upon 

enter ing an i c i ng condition t he s creen r api dly be comes blocked 

wi t h ice, s e aling off the main passage and convert ing it into 

a trap for subsequent wa t er entrained in the inlet air. The 

inle t a ir must then make a sharp bend into the alternate pas sage 

whi le the wat er particles, due to t heir gr eat e r iner tia , continue 

into the main passage . Upon leaving the icing condition the 

ent rapped ice can be melted t o avoid t he grea t er l osses a s sociated 

with t he alternate pas sage . Thi s sys tem can incr e ase the operat ional 

range in icing condit i ons up t o sever a l hundred mi les . 

The other met hod of ice ~rotection for existing aircraft 
f'~lJ y-e 62 

is illustrated on the next slide~ wherein a portion of the hot 

gas at the turbine inlet is diverted and bled back to the inlet 

lips . The hot gas is discharged through a ring of orifices in 
0( 

http:slide.f7
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the inlet and mixes wi th the charge air , which is thereby 

heated above the free zing leve l . A thrust loss attends this 

system of iee pr evention, compounded not only fr om the per

centage of weight f low which is b led-back, but from the decrease 

in density and t he loss i n r am pressure of t he charg~ air after 

mixture with bleed-back gas. Thi s system need not be used, 

however, when i cing is not anticipated. 

In the basic des i gn of new jet e~nes , the ae r odynamic 

and t hrust losses associated with these t wo me t hods of ice pro
) 

tection may be largely e l iminat ed by i ncorporating surfa ce heating 

i nto t he desi gn. Vital surfaces may be heated by var ious me ans, 

such as elec trical el ements i mbedded in or cemented to t he surface , 
" 

eddy-current gen eration, or hot a i r flowi ng through passages 
;=i9{) r~ b3 

beneath t he surface. The l as t s lide~ shows schematically the use 

of hot a i r for heat i ng exposed surfaces against icing . The i n

l et lips and duc t i ng and the acces sory hous ing are heated by 
\, 

air ducted for war d f rom either the compressor or the combus tion 
... 
 

chamber outlet. Heated a ir is also duc t ed through t he hollow 
 
'" 
~ 	 stator and rotor blades and discharges at t he b lade tips into 

t he inlet air. Cal cul at ions have i ndicated that the losses fr om 

such a system will be negli gible . It should be emphasized, 

". 	 howe ver, t hat this system is not an easy modi fica t i on t o existing 

installations , but shou l d be included i n the basic engine design. 
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TAIL-PIPE BURNING FOR THRUST AUGMENTATION 

Increasing the thrust of turbojet engines is of extreme importance, 

both for sea- level take-off and for high-altitude, high-airspeed operation. 

'\ , One of the most promising methods of increasing the thrust of t urbojet 
... 

engines is the use of tail-pi pe burning. An ext ensive resear ch program i s 

nO'r"l in progress at t he NACA Cleveland laborat ory on this method of thrust 

augmentati on . The maximum thrust can be obtained wi t h a turbojet engine 

~ 

>

when the exhaust gas is heated t o t he highest possible tempe rature . 
~ 

However, the t empera.ture ahead of t he t urbine i s limit ed to about 15000 F 

because of materi al limitati ons of t he turbine blades . Because of this 

temperature limitation, only about one- quarter of the oxygen in the air 

is burned in the engi ne combustion chamber. The f unction of the tail

pipe burner is, therefore, to burn the remaining oxygen left in the air 

after the turbine and thereby heat the gas in the t ail pipe up to a tempera

ture between 3000 and 35000 F. . 	 rl ~t)ye b'l 
~ 	 The first char~is a speed spectrum showing the range of application 
... . 

of three types of jet- propulsion engines . The turbojet engine without 

• 	 thrust augmentation is most applicable up t o an airspeed of about 700 miles 

per hour. For t he speed of 700 to 1500 miles per hour, t he turbojet engine 

wi th afterburning is the mo st applicable power plant , and, f rom 1500 through 

2500 miles per hour is the range of appl ication of ram jets . 

Drawings of a turbojet engine with both a standard tail pipe and a 
p, fvre 6S

tail-pipe burner installed are shown in the next chart." This chart illus

trates the physical characteristics of these installations, as well as t he 

relative size. Fuel is injected a short distance downstream from the 

turbine through a number of streamlined tubes and mixes with the gas going 

into the tail pipe . A short distance downstream of the fuel injection 
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tubes i s installed a flameholder which form~ a stagnation or turbulent region 

... upon which the f l ame seats. Burning occurs OVer the full length of the 
." 

combustion chamber and the gases are expanded out of the jet nozzle at a 


temperature of about 30000 F. I nstallation of a tail - pipe burner on the 


1 engine i ncreases the lengt h of the instal l ation by a bout 15 percent and the 


weight by a bout 20 percent ; ho.wever, the f rontal area r emains unchanged. 

~ 

The r esult s , which will be presented in the foll owi ng charts , were obtai ned 


.. in t he altitude wind t unnel wit h this tail -pipe burner configuration. 


~ ~ 

0')1 fi ~()ye 6G> 
Her" is shown t he t hrust plotted against airspeed f or the standard 
 

, engine and for the engine operating wi th t ail- pipe burning. At static 
 
., 

conditi ons, t he t hrust i s increased 35 percent. Such a t hrus t increase 
 
~ 

would reduce the take-off distance of an airplane which might normally 

i .. require 5000 feet to a distance of only 3200 f eet . At an airspeed of 650 

"f " miles per hour, the thrust is i ncr eased b.Y about 80 per cent• 

• 
These thrust increases obtained with tail- pipe burning must be pai d ., 

-( 
f or wi th an increase i n specif ic fuel consumption, as is shown i n the" 	 
following ch~~'9V!; s~~tiC conditions, the specif i c fuel consumption wi th 

¥ 

afterburning is 109 percent greater than that of t he standard engine with 

~ ... no tail-pipe burning. Increasing t he ai rspeed i ncreases the effi ci ency of 

" 
.. 

... t he t ail-pipe burning cycle so t hat , at an airspeed of 650 miles per hour, 

the specific fuel consumpt i on wit h tail-pipe burning is 76 percent higher 

than t hat of the standard engine wi thout tail - pipe burning . This may appear 

« to be a consi derable price to p~ for the increased thrust obtained. 

However, these increases in specif i c f uel consumpti on are much less than 


.. those obtained with other methods of thrust augmentation • 


.. The use of tail-pipe burning on turbojet engine introduces several 


difficult problems . Four of these problems are outlined on the following 
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chart at' It i s necessary t hat a tail-pipe burner oper ate over a wide range 

of flight conditions. Wi th the tail- pipe burner which has been described, 

operation has been obtained up to an altitude of 50,000 feet . Anot her 

important consideration of a tail-pipe burner installation i s that the loss 

in per f ormance must be kept t o a minimum when t he t ail-pipe burner is 

i nope rati ve. A l oss in thrus t of 3 percent was obtained with t his tai l • 
pipe burner at all flight conditions . 

I t has been found that fuel inject ed i nt o t he 12000 gas f l owi ng through 

t he t ail pi pe will not i gnite by itsel f. I t is, therefore, ne cessar,y t o 

provide a dependabl e source of i gniti on. A cons i derabl e nQ~ber of spark

pl ug configurations installed in the t ai l pipe proved i nadequat e for 

i gnit i on at some condi t ions. An ignition system which has been devel oped 

in t he al t itude wind tunnel wi ll operate satisfact orily up to an alt itude 

of 50,000 feet . This system compri ses an i nstantaneous injection of high-

pressure fuel i nto one of t he engine combustion chambers whi ch results i n 

a burst of f l ame back t hrough the turbi ne into the tail pi pe, thereby 

¥ 	 
ignit i ng the t ail - pipe f uel . Over 200 star ts 'have been made with t hi s 

i gnit ion system and no excessive deteriorati on has been f ound on either the 

~ .. t urbine nozzles or t he engine combustion Chamber• 
... 

". 
Because the gas f l owi ng through the t ail - pipe burner i s at a temper&

t ure of about 30000 F, it i s obvious that an adequate method of cooling 

'i the burner shell must be provided . This cooling should pref erably be pro

vided without an appreci able increase i n installation weight and without 

~ suffering an appreciable loss in airplane or engine performance . Adequate 

.. cooling of the tail-pipe burner has been obtained. at all flight conditions 
.. investigated with a cooling liner installed inside of the bt~ner shell. 

~ 

~ 
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The liner extends the full l ength of the combustion chamber and a ~--inch 

space is provided between the liner and the burner shell. Approximately 

6 percent of the 12000 gas flowing out of the turbine passes between the 

l i ner and the outer shell of the tail pipe . This f low through t he cooling 

ai r passage mai ntai ns the temperature of the outer shell between 1200 and 

12500 F at all flight conditions . The method of constructi on and support 

of the liner in the tail pipe burner is shown by the model displayed. 

There are numerous other problems whi ch have been encountered in t he 

investigati on of tail-pi pe burning on turbo jet engines , such as obtaining 

a satisf actor,y vari able- area exhaust nozzl e and an adequate control system. 

Problems such as these are receiving further attention in the rese~ch 

program on tail- pipe burning at this laboratory. 

Motion pictures will follow' showing the installation and operation 
1 • 

• of the tail- pipe burner in the altitude wind tunnel • 

.. I n conclusion it might be stated that from the knowl edge gained of 

tail- pipe burning here in the altitude wind tunnel, i t is now possible to 

design burners which will operat e at altitudes up to 50, 000 feet with 

reasonably good efficiencies • .. 
, , 

'< 

• 




~ ......-'" --<... 4 ~ J" ""' .. .. ~. 
• " " ""' • 

I 

STANIIMD TAIL PIPE 
 
AND TAIL PIPE IIIRIER INSW..I..A1IONS 
 

• 

Figure 65. 

SPECifiC FUEL CONSUMPTION 

r-- TAIL- PIPE BURNING 

STANDARD ENGINE 

AIRSPEED 

Figure 67. 
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