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M I O N A T ,  d S D m R Y  C FOR AERONAUTICS 

Y TIGATION OF OVER-ALL PERFORMANCE OF 

EXPW 'GURBOm ENGINE FOR GUIDED MISS- 

By Robert H, Eustf s, William E. Berkey 
a d  Robert J. Jones 

A prelimiaary investigation of the  over-al l  performance of a 
simply constructed, shor t - l i fe ,  turboje t  engine was conducted. The 
unit was operated at a pressure a l t i t ude  of 15,000 f e e t  f o r  ram- 
preesure r a t i o s  of 1.2 t o  1.8. The corrected engine speed was 
varied %ran the  minimMn f o r  g o d  combustion t o  about 17,000 rpm, 
which is  approximately 75 percent of ra ted  speed. The performance 
is given by generalized parameters t h a t  permit t he  calculat ion of 
performance at any a l t i tude .  

Ths corrected net  th rus t  of t he  turbojet  engine increased w i t h  
ram-pressure r a t i o  f o r  a given corrected engine speed above 14,500 rpm 
and reached a maximum of 425 pounds at  a ram-pressure r a t i o  of 1.8 
and a corrected engine speed of-16,650 rpm, The corrected th rus t  
speci f ic  f u e l  consumption decreased with f l i g h t  speed fo r  corrected 
engine speeds higher than 13,600 rpm, The minimum corrected th rus t  
speci f ic  f u e l  consumption of 1.48 was obtained at  a ram-pressure 
r a t i o  of 1 ,8  and a corrected engine speed of 15,000 rpm. Fcr all 
rk-pressure  r a t i o s ,  chcking occurred i n  the  engine f o r  corrected 
engine speeds greater  than 14,500 rpm. 

INTRODUCTION 

A simply constructed, shor t - l i fe ,  turboje t  engine has been 
designed, constructed, and operated a t  the NACA Cleveland laboratory. 
The engine, was constructed with the  intention of using it f o r  guided- 
miss i le  application. The engine was designed t o  operate a t  an alti- 
tude of 10,000 f ee t ,  a f l i g h t  speed of 550 miles per hour, a compres- 
sor  pressure r a t i o  of 3.0, and a turbine- in le t  temperature of 1800' F. 
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e of the  eagim was inveetigated a t  pressure alti- 
t u d e ~  of 10,000 and 15,000 f ee t ,  ram-pressure r a t i o s  of 1.2 t o  1.8, 

esem-%&let temperature cf -60' F, !The corrected engine 
ar id fram the  minimum f c r  stable, ccanbusticn t o  about 

17,000 v, Generalized perf ce curves present the  corrected 
mt thrust the corrected th rue t  speci f ic  f u e l  consumption as  
f und lo rn  of corrected engine speed, corrected f l i g h t  s p e d ,  and 
ram-greseme r a t i o .  Curves of corrected fue l  coneum;ticn and cor- 
rected air c & ~ t i ~ n  are a l so  p reseded ,  The engine wae designee 
t o  produce ta corrected t-dma~t cf 914 pounds a t  a corrected engine 
speed of 22,400 rpm with a corrected a i r  weight flow cf 20.2 pounde 
per e s cod .  

The followiag symbols a re  used in t h i s  report :  

A cs~oae-sect1ona;L area, square f e e t  

C thst specif ic  f ue l  consumption, poumle f u e l  per hour per 

f fuel-tab r a t i o  

g aceeleration of gravity, 32.174 f e e t  per s e c c d  per second , 
3 -.tie c8-l t 8 c - i  

,e --'-.. . 

ewfre wd, w 
P t o t&  preerrme, p o d s  per square foct  

P S&aLIc pressure, pounds per square foot 

R gas corwtant, foot-pound8 per pound per OR 

T t o t a l  temperatme, OR 

V s e l o c i t y , f e e t p r  second 

v f l i g h t  s p e d ,  miles per hcm 

W weight flaw, pounds per second 

7 r a t f c  of speci f ic  heats 



6 r a t i o  of compressor-inlet t o t a l  pressure t o  NACA s tandard sea- 
l e v e l  pressure ,  ~ ~ / 2 1 1 6 . 8  

q e f f i c i ency  , percent  

8 r a t i o  c f  compressor-inlet t o t a l  temperature t o  NACA s tandard 
sea- leve l  temperature,  ~ d 5 1 8 . 4  

s u b s c r i p t s  : 

a air 

b burner 

c r  c r i t i c a l  

f f u e l  

i indica ted  

0 f r e e  stream 

5 exhaust-nozzle c u t l e t  

6 s t a t i o n  i n  duct  a f t e r  exhaust nozzle 

The experimental t u r b o j e t  engine ( f i g .  1) f o r  guided m i s s i l e s  
comprises a mixed-flow s ingle-s tage  ccmpessor  with a semivaneless 
d i f f u s e r ,  an a-mular combustion chamber, an axial-f low s ingle-s tage  
tu rb ine ,  and a f i xed  convergent exhaust nozzle. The naximum diameter 

he e ~ i n e  i s  24 inches and t h e  over -a l l  l e n g t h ' i s  70.25 inches.  
weight of t h e  experimental u n i t  is about 650 p o u d s .  

The engine was dssilq.lr~;d ?&round m exis%+ng &xed-flw ifapeflex- 
could be simpLy construc%ed and oombinsd the gualitiee of h i g h  
flow, moderate prespsure r a t i o ,  and .moderake effloierroy, b a a -  
as the twboJ~'t;  engine &oul8' be inexpensive, t he  use of a 

e l l e ~  wras oonrsidssred desirable beordingZyp the f rnpeller 
ctsd folPowhg results obtained i n  bmert.ilng t e s t s  of Bhio 
cast impeller. WJILh proper selesatlon of maf;eri&l, it was 

that .a  t i p  speed o f  more than 1640 feet per seoond eould be 
e7d before %he wheel buret; the design speed o f  t h e  compressor 
,s case is 1470 feet  per rs-soondo b exipjrting m c h i n e d  ianpeller 
ed in *is investigationg 

CONE'ID&"JTIA% 



The annular ccmbustion chamber has 24 f u e l  nozzles each with 
a 45O spray angle and a capacity of 10.5 gal lons  per hour. Pre- 
liminary bench investigations of the  burner showed a temperature 
d i s t r i bu t i on  with a maximum var ia t ion  of about 1 0 0 0 ~  F and a l o s s  
i n  t o t a l  pressure between 5 and. 10 percent of t he  t o t a l  pressure of 
the  entering a i r .  

A single-stage, free-vortex, axial-flow turbine of 13.7-inch 
t i p  diameter was designed t o  dr ive  the  campressor. A t  design condi- 
t ions ,  the  turbine-discharge velocity i s  nearly a x i a l  but s t ra igh t -  
ening vanes a f t e r  the  turbine were provided t o  improve operation 
a t  other than design conditions. Water-cooled r ad i a t i on  cooling 
caps a r e  provided on each s ide  of the  turbine t o  prolong t he  l i f e  
of the  engine f o r  investigation purposes and would be unnecessary 
f o r  a service requiring short  engine l i f e .  A m a l l  quanti ty of a i r ,  
which i s  directed on each s ide  of the  turbine wheel 
flows rad ia l ly  outward. This a i r ,  which cooled t he  turbine 
by convection, ,was supplied by the  laboratory system during the  
investigation but would normally be supplied by t he  

The rota t ing assembly is  mounted i n  four a n t i f r i c t i o n  bearin&, 
b The shaf t  i s  35.5 inches long from the  r ea r  of t he  h p e l l e r  t o  the  I 

f ron t  of the  turbine. Three of the  bearings a r e  mounted i n  the  \ 
main housing i n  line-bored supports and the  four th  bearing, the  I' 

t h ru s t  bearing, i s  mounted i n  f ron t  of the  impeller,  A l l  bearings /d 
are  lubricated by an oil-and-air m i s t .  A i r  is a l s o  supplied t o  11 
bearings from the laboratory a i r  system instead cf from the 
campressor. 

I 

Provision was made t o  start th& turboje t  engine by driving 
the compressor end of the  shaf t  through a geared s t a r t i ng  mctor, 
This method of s t a r t i ng  was nct required for  the  experimental un i t  
because of the laboratory altitude-exhaust f a c i l i t i e s ,  

APPARATUS AND PROCEDURE 

Experimental Equipment 

The engine was s e t  up i n  a t e s t  r i g  t h a t  supplied refr igera ted 
a i r  through a depression tank and bellmouth m-d discharged the  a i r  
a t  the  exhaust nozzle at a pressure corresponding t o  the  desired 
a l t i tude .  A photograph of the  engine i n  tk.testw.r&& is ahown i n  
f igure  2 and a diagrammatic sketchl.fo"f" î ge flow s y s t a m C C c ~  i m t r u -  
mentation, i n  f igure  3.  s----<.w--,- ****-+ ~.- *-- "<.A 



Tho M e t  refrigerated aiaP w a s  supplied a t  a tamperature near 
-60' P and the inlet-& pressure was controlled t o  simulate the 
pressure al t i tude a d  ram-pree-sure r a t i o  desired, The low in le t  

raturs was used t o  reduce the actual engine speed required 
far a given corrected engine speed. Ram-pressure ra t ios  of 1.2 
to 1.8 were obtained when the engine was operated a t  a pressure 
al t i tude of 15,000 feet .  A t  a pressure al t i tude of 10,000 feet ,  
M;me were made only for  ram-pressure ra t ios  of 1 . 2  and 1.4 because 
of liPaited air f ac i l i t i e s .  - 

I n s t m e n t a t  ion 

The measuring stations for  the engine are shown i n  figure 3 
and the location of same of the instruments is indicated i n  f ig-  
ure 1. The compressor-inlet conditione were measured in  the 
depression tank i n  front of the compressor. The compressor-outlet 
ar burner-inle* comiitione were measured by four rakes equally 
spaced around the annulus. The burner-outlet or turbine-inlet 
oonditione were msaeured by four equally spaced rakes located 
2 chord lengths i n  front of the turbine-nozzle blades. The condi- 
t ione a t  the turbine outlet  were measured by four rakes and the 
conditions i n  the je t  were measured by rakes extending across the 
jet. Pressures were indicated on a manometer board and temperatures 
were read from a rapid-response, electronic potentiometer. 

The air weight flow through the engine was determined bx a 
calibrated, adjustable or i f ice  i n  the refrigerated-air l ine.  

The fue l  flow was measured with a calibrated rotameter. The 
speed was observed f r m  an electronic-impulse counter operated from 
a w e t i c  pickup. 

Experimental Procedure 

The engine was operated a t  simulated pressure al t i tudes by 
set t ing the exhaust pressure ( s ta t ion  6)  t o  correspond t o  the &ti- 
tude pressure and set t ing the in l e t  pressure t o  correspond t o  the 
al t i tude pressure plus ram pressure. The Inlet  temperature was held 
as near -60° F as  the services would permit. For high e Yne speeds and high ram-pressure rat ios ,  the temperature rose t o  -37 F .  The 
engine speed was varied, by gdjusting . aP / * s /  #$eQ 
&wP)$/;rvf g k ~  ~jDyP;if~$*a@ y*$ 



OD OF CALCULATION 

Temperature 

Tbe indicated temperature is l e s s  than t he  t o t a l  temperature 
becauee the  thermocouple recovery coeff ic ient  is l e s s  than unity. 
For unshielded thermocouples similar t o  those used i n  t h i s  invest i -  
gation, a recovery coeff ic ient  of about 0.85 was found f r m  calibra-  
t i on ,  The t r u e  t o t a l  tempera%ure therefore is 

By use of t h e  observed temperature and the  fue l -a i r  r a t i o  calculated 
from the  fue l -  and air-weight flows, the  value of 7 i s  selected 
frm a chart  r e l a t i ng  7, temperature, and fue l -a i r  r a t i o .  

b 

Velocity 

The c r i t i ca l -ve loc i ty  r a t i o  of the  f l u id  i s  re la ted  t o  the 
r a t i o  of t he  s t a t i c  t o  the  t o t a l  pressure by the  expression 

When t he  t o t a l  temperature is  known, the  velocity a t  any s t a t i on  
is found by t he  equation 

The f l i g h t  speed was found by determining the c r i t i ca l -ve lcc i ty  r a t i o  
corresponding t o  the ram-pressure r a t i o  and using equat'ipn ( 3 )  w i t h  
the  t o t a l  temperature corresponding t o  t h a t  a t  e ta t ion  0.  



Net Thrust 

The th rus t  of a j e t  engine that is useful In  progelling an 
alrplane JWQ- be calculated by the s u m t i c r ,  cf t i e  mcinentum a d  
the  pressure forces on the engine. The epuaticn f o r  t t r u s t  is 

The pressure term cf equaticn (4) is  zero when the  exhaust-nczzle- 
pressure r a t i c  i s  subcr i t i ca l  because p5 = p6. This expreseicn 
f o r  th rus t  neglects cooling-air flcw end thus does not  c red i t  the 
engine with. the cooling a i r  fsan tke  laboratory system. Check r u m  
made with and without cosling a i r  showed no neasura'cle influence cf 
the c c o l i w  a i r .  

Thr l~s t  Specific Fuel Ccns.mpticn 

The th rus t  speci f ic  f u e l  consumption is deflned a s  the pounds 
of f u e l  consumed per hour per pcund of th rus t .  The equeticn i s  

RESULTS AND DISCUSSICfi 

The perfcrzance cf the  turboje t  engine f o r  guided a l s s i l e s  is  
presented by generdized parmete rs  t c  permit ca lcula t ioc  cf perfom- 
ance at any a l t i t ude ,  The ccrrected net  thrus t  i s  plotted against  
corrected engine speed f c r  ccnstant values of ram-pressure r a t i c  i n  
f igure  4. The net t k u s t  increases rapidly with engine speed fo r  
a l l  ram-pressure r a t i o s .  A maximum corrected t h r m t  cf 425 p c u d s  
was reached a t  a rani-pressure r a t i c  cf 1.8 axld a corrected e ~ i n e  
speed of 16,65C rpm; t h i s  th rus t  i s  46.5 percent of the design value. 
When the  data  i n  f igure  4 a re  cross-plotted ( f i g .  5 ) ,  it i s  c lear  
t ha t  f o r  corrected engine speeds above 14,500 rpn the th rus t  
increases with increasing f l i g b t  speed. Fcr lower engine spee&s, 
the  th rus t  decreases with increasing f l i g h t  speed f c r  m e t  of the  
flight-speed range investigated, showing a s l i gh t  increase i n  
t h ru s t  f o r  intermediate engine speeds. These trends a re  expected 
i n  a uni t  with low pressure r a t i c  or lcw efficiency.  A t  the low 
engine speeds, the  t h ru s t  i s  l a w  f o r  the high f l i g h t  speeds 
because the  engine i s  almost windmiI3. i~  and the  heat input i s  low. 



For higher engine speeds, the  t h ru s t  Increases with ram-pressure 
r a t i o  because f o r  t h i s  engine, the  total. preeeure a t  the  exhaust 
nozzle i e  near the  t o t a l  i n l e t  pressure f o r  t he  range of condlftions 
investigated m d  the  engine ac t s  e f fec t ive ly  l i k e  a ram j e t ,  

The corrected t h ru s t  spec i f i c  f u e l  consumption decreases wfth 
i nc r ea s iw  engine speed, a s  ahown i n  f igure  6,  With an increase i n  
ram-pressure r a t i o ,  the  th rue t  spec i f i c  f ue l  consumption decreases 
f o r  corrected engine speeds fram 13,600 r p  t o  t he  maximum speed 
investigated. The minimum th ru s t  speci f ic  f u e l  consumption value 
of 1-48 was reached at a ram-pressure r a t i o  of 1 .8  and a corrected 
engine speed of 15,000 rpm. The e f f ec t  of f l i g h t  speed is c lea r ly  
shown i n  f igure  7 ,  a cross p lo t  of f igure  6. 

The t rends  shown i n  f igures  6 and 7 a re  evident from a cor- 
r e l a t i o n  of f igures  4  and 8. The p lo t  of corrected f u e l  flow 
againet corrected engine speed shown In  f igure  8 is a s ingle  l i n e  
fo r  all ram-pressure r a t i o s  a t  high speeds. The curve of thrust. 
spec i f i c  f u e l  consumption ( f i g .  6), which is the  quotient of f ue l  
flow divided by net t h ru s t ,  would therefore  be t he  inverse of the  
t h ru s t  curve ( f i g .  4 ) ,  The curve of corrected f u e l  flow ( f i g .  8)  
would be a s ingle  l i n e  f o r  a l l  ram-pressure r a t i o s  i f  the component 
e f f i c ienc ies  were constant f o r  a given corrected engine speed. The 
divergence of the curves fo r  the lower speeds In  f igure  8 is  prob- 
ably due largely  t o  the  decrease i n  burner ef f ic iency f o r  lower 
i n l e t  pressures. A be t t e r  fue l  flow parameter might be wf/8@ qbb. 

The corrected air flow is  plot ted  against  corrected engine 
speed i n  f igure  9. For all ram-pressure r a t i o s ,  the  corrected 
a i r  flow reaches a maximum at  a corrected engine speed of 14,500 rpm, 
which indicates  the  occurrence of choking i n  the  engine. This con- 
d i t i on ,  which l imited the  mass flow through the  engine, caused the  
maximum t h ru s t  t o  be 53.5 percent l e s s  than the  design value. 

I n  a preliminary invest igat ion of the  performance of a turbo- 
Je t  engine f o r  a guided miss i le  at  a pressure a l t i t u d e  of 15,000 f e e t  
and ram-pressure r a t i o s  of 1.2 t o  1.8, t he  following r e s u l t s  were 
obtained: 

1, The corrected net  t h ru s t  of the engine increased with 
Increasing f l i g h t  speed fo r  corrected e~lglne speeds above 14,500 rpm 
and reached a maximum of 425 pounds at a ram-pressure r a t i o  of 1.8 
a d  a corrected engine s p e d  of 16,650 rpm. 



2. The cor rec ted  t h r u s t  s p e c i f i c  f u e l  consmpt i cn  decreased 
wi th  increas ing  f l i g h t  speed f o r  cor rec ted  engine speods abcve 
13,600 rpin and reached a x in imm c f  1.48 at a ram-pressure r a t i c  
of 1.8 and. an engine speed of 15,000 rpm. 

3. For all ram-pressure r a t i c e ,  choking ~ c c u r r e d  i n  t h e  engine 
f o r  cor rec ted  engine spseds g r e a t e r  than  14,503 rpn ,  . 

F l i g h t  Propulsion Research Laboratory, 
, National Advisory C o m i t t s e  f c r  Aeronautics,  

Cleveland, Ohio, September 22 ,  1947. 

1. Laskin, Eugene B., and Kofskey, Mil ton G.: Performance of a 
Mixed-Flow Impeller i n  Combination with a Semivaneless Dif fuser .  
IACA Wl No. E7C05a, 1947. 
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Figure 2. - Installation of turbojet engine for guided missile. 
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