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ALTITUDE WIND TUNNEL I N V E S T I G A T I O N S  OF JET-PROPULSION E X G I N E S  

By Abe S i l v e r s t e i n  

SUMMARY 

Inves t iga t ions  of the  performance and ope ra t iona l  charac- 

t e r s i t i c s  of seve ra l  je t -propuls ion engines have r e c e n t l y  been 

conducted i n  t h e  NACA Cleveland a l t i t u d e  wind tunnel  and a few 

of the  s i g n i f i c a n t  r e s u l t s  a r e  summarized i n  t h i s  repor t .  The 

t e s t i n g  techniques and instrumentat ion methods a r e  b r i e f l y  

reviewed. 

Measured performance data on t h e  General E l e c t r i c  1-40 

engine a r e  given f o r  a wide range of a l t i t u d e s  and r a m  

pressure  r a t i o s  and t h e  a p p l i c a b i l i t y  of the  methods used i n  

reducing t h e  da t a  t o  s tandard  sea - l eve l  condi t ions  i s  d i sccs s -  

ed, The drags of windmill ing engines a r e  shown t o  be h igh  and 

t h e  n e c e s s i t y  is s t r e s s e d  for c los ing  the  duct i n l e t s  of 

engines that  a r e  inope ra t ive  i n  f l i g h t .  

The d i f f i c u l t i e s  experienced i n  s t a r t i n g  and a c c e l e r a t i n g  

je t -propuls ion  engines a t  h igh  a l t i t u d e s  a r e  poin ted  out  and 

t h e  a d j u s t a b l e  t a i l - p i p e  nozzle  i s  shown t o  be a useful  device 

f o r  improving the  ope ra t iona l  c h a r a c t e r i s t i c s  of t h e  engines.  

The e f f e c t  of a l t i t u d e  i n  decreas ing  t h e  range of stable oper- 

a t i n g  speeds of je t -propuls ion  engines i s  shown and the f a c t o r s  



c o n t r i b u t i n g  t o  "combustion blowout" a t  low engine speeds are 

out1  ine  d . 
INTRODUCTION 

The advent of t h e  je t -propuls ion  engine as a prime mover 

for a i r c r a f t  has  introduced broad new f i e l d s  f o r  research .  A 

phase of th is  research  i s  t h e  determination of t he  e f f e c t s  of 

a l t i t u d e  and f l i g h t  speed on the  performance and ope ra t iona l  

c h a r a c t e r i s t i c s  of j e t  engines,  and the  e f f o r t s  of t h e  

Cleveland a l t i t u d e  wind tunnel  staff  during t h e  pas t  year  have 

been l a r g e l y  devoted t o  th i s  work. The I r e sea rch  program has 

included i n v e s t i g a t i o n s  o f  the General E l e c t r i c  1-16, 1-40, and 

TG-180 engines  and the  Westinghouse 19B and 19XB engines ,  

The performance c h a r a c t e r i s t i c s  of t hese  engines  have been 

inves t iga t ed  whenever poss ib l e  over a range of pressure  a l t i -  

tudes from approximately sea l e v e l  t o  50,000 f e e t  and a t  tunne l  
0 temperatures from 60' F t o  -50 F, Operat ional  t e s t s  have 

a l s o  been conducted which u s u a l l y  include i n v e s t l g a t f o n s  of 

s t a r t i n g ,  acce le ra t ion ,  windmill ing,  and fuel-meter ing charac- 

t e r i s t i c s ,  A t  the h igher  a l t i t u d e s  t h e  engines  are t e s t e d  a t  

r a m  pressure  r a t i o s  corresponding t o  f l i g h t  speeds as high as 

700 mi les  per  hour. 

For the  t e s t s ,  t h e  engines  a r e  e i t h e r  mounted i n  a i r c r a f t  

i n s t a l l a t i o n s ,  as was the  case of  t he  General E l e c t r i c  1-40 

e;Eine i n  t h e  YP-80A a i rp l ane ,  or i n  s p e c i a l l y  cons t ruc ted  

wing-nacelle i n s t a l l a t i o n s .  The engines a r e  ex tens ive ly  
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instrumented i n  o rde r  that  d e t a i l e d  information can be obtained 

on the over -a l l  c h a r a c t e r i s t i c s  of the  engines as wel l  a s  of 

t h e  sepa ra t e  components. 

S i g n i f i c a n t  t e s t  r e s u l t s  have been a b s t r a c t e d  t o  provide 

a b a s i s  for a prel iminary p resen ta t ion  of the  gene ra l  e f f e c t s  

observed i n  a l t i t u d e  t e s t s  of j e t  engfnes. 

SYMBOLS 

windmill ing drag, lb 

j e t  t h r u s t ,  lb F j  
F :,,'e j e t  t h r u s t  cor rec ted  t o  NACA s tandard atmospheric 

condi t ions a t  sea l e v e l ,  l b  

Frl n e t  t h r u s t ,  l b  

n e t  t h r u s t  co r rec t ed  t o  NACA s tandard atmospheric Fnb  
condi t ions  a t  sea l e v e l ,  l b  

*Alp0 ram pressure  r a t i o  

Hu t a i l - r a k e  t o t a l  p re s su re ,  lb/sq f t  abs. 
A l  

h tunnel  pressure  a l t  i tilde , f t  
N engine speed, r p m  

N p  engine speed co r rec t ed  t o  NACA s tandard atmospheric 
condi t ions  a t  sea  l e v e l ,  rpm 

t a i l - r a k e  s t a t i c  pressure ,  lb / sq  0 f t  abs. PH 
TH t a i l - r a k e  ind ica t ed  temperature,  R 

t r u e  a i r speed ,  mph 

W a  a i r  f low,  lb / sec  

W@/6 a i r  f l o w  co r rec t ed  t o  NACA s tandard atmospheric 
condi t ions  a t  sea l e v e l ,  lb / sec  

Wf f u e l  flow, lb / sec  
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f u e l  f low co r rec t ed  t o  NACA s tandard  atmospheric 
condi t ions  a t  sea l e v e l ,  lb/sec 

f u e l - a i r  r a t i o  cor rec ted  t o  NACA s tandard  atmospheric 
condi t ions  a t  sea l e v e l  

s p e c i f i c  f u e l  consumption based on j e t  t h r u s t  
cor rec ted  t o  NACA s tandard atmospheric condi t ions  
a t  sea  l e v e l ,  lb/(hr)(lb j e t  t h r u s t )  

s p e c i f i c  f u e l  consumption based on n e t  t h r u s t  
co r rec t ed  t o  NACA s tandard atmospheric condi t ions  
a t  sea l e v e l ,  lb / (hr ) ( l5  n e t  t h r u s t )  

c ombus t i on 6 f f i c ienc y , pe r cent 

r a t i o  of absolu te  t o t a l  temperature a t  t he  
compressor i n l e t  t o  absolu te  s t a t i c  temperature 
of NACA s tandard  atmosphere a t  sea l e v e l  

r a t i o  of absolu te  t o t a l  pressure a t  the compressor 
i n l e t  t o  absolu te  s t a t i c  pressure of NACA s tandard  
atmosphere a t  s ea  l e v e l  

WIND-TUNNEL INSTALLATION AED INSTRUMENTATION 

The Cleveland a l t i t u a e  wind tunnel  i s  a s i n g l e - c i r c u i t  

r e t u r n  passage tunne l  w i t h  a c losed t e s t  s e c t i o n  20 f e e t  i.n 

diameter.  Engines a r e  mounted i n  the  tunnel  on wings extend- 

ing  a c r o s s  the tunnel  which a r e  a t t ached  a t  t h e i r  t i p s  t o  the 

main balance t runnions.  A six-component paral le logram balance 

equipped w i t h  a tape recorder  measures the  f o r c e s  on the model, 

which may be r o t a t e d  i n  p i t c h  about t he  tI'unnion axes by a 

motor-drayen sc rew mechanism, An i n s t a l l a t i o n  o f  t he  YPd8OA 

a i r p l a n e  i n  the tunnel  i s  shown i n  f i g u r e  1 6  

A l t i t u d e  condi t ions  are simulated by reducing the  tunnel  

pressure by means of exhausters  and by reducing the  tunnel  

temperature by means of r e f r i g e r a t i n g  c o i l s  l oca t ed  i n  the 



C 

t unne l  r e t u r n  passage. The pressure  i n  the tunnel  can be 

reduced t o  1$ inches of Mercury absolu te  and t h e  temperature 

can be reduced t o  approximately -50 0 F. The design a i r speed  

i n  the  tunnel  a t  an a l t i t u d e  of 30,000 f e e t  i s  approximately 

500 miles  per  hour wi th  t h e  tunnel  empty. Large models such 

a s  have been t e s t e d  i n  t h e  tunnel  reduce the  speed t o  a vslue 

considerably lower than the  design speed. For t e s t s  o f  j e t -  

propulsion engines a t  h igh  values  of ram pressure  r a t i o ,  a pipe 

providing dry  r e f r i g e r a t e d  a i r  a t  s l i g h t l y  less than sea - l eve l  

pressure  i s  connected d i r e c t l y  t o  the  i n l e t  of  the  engine,  

The tunnel pressure i s  then reduced s o  t h a t  a pressure  d i f f e r -  

e n t i a l  betwcen the  engine i n l e t  and discharge o f  more than two 

can be obtained. 

The engines are extens ive ly  instrumented, a s  i l l u s t r a t e d  

i n  f i g u r e  2. Measurements have been taken a t  11 s t a t i o n s  

through the  air and gas passages of t h e  1-40 engine correspond- 

ing  t o  245 ind iv idua l  measurements o f  p ressure  and temperature,  

Typical  rakes  usea for measuring the t o t a l  and s t a t i c  p re s su res  

i n  t h e  air passages of t h e  englne a r e  shown i n  figure 3. An 

inconel  rake has  been developed for measuring the  t o t a l  and 

s t a t i c  pressures  and temperatures a t  t he  t a i l - p i p e  nozzle.  

(See f i g .  4 , )  Typical d i s t r i b u t i o n s  of p re s su res  and temper- 

a t u r e s  measured by t h i s  rake a t  the  t a i l - p i p e  nozzle a r e  shown 

ir, f i g u r e  5. Ca l ib ra t ions  have ind ica t ed  t h a t  t he  t h r u s t s  

ca l cu la t ed  from the readings obtained on the  rake a r e  wi th in  3 

percent  of those obtained by s c a l e  measurements. 
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Temperatures a r e  recorded by means of Brown se l f -ba lanc ing  

potentiometers and p res su res  a r e  recorded by photographing 

banks of l i q u i d - f i l l e d  manometers, Fuel  f l o w s  a r e  measured by 

means o f  a rotameter ,  

RESULTS AND DISCUSSION 

The d e t a i l e d  r e s u l t s  of t h e  i n v e s t i g a t i o n s  on  j e t  engines 

have thus  far been presented a s  Preliminary Data r e p o r t s  t o  the  

AAF A i r  Technical Serv ice  Command and the  Bureau of Aeronaut)ics. 

Approximately f i f t y  of these  r e p o r t s  nave been submitted t o  the 

se rv ices  and a summary of these  d a t a  n e c e s s a r i l y  must o m i t  many 

i n t e r e s t i n g  and s i g n i f i c a n t  f a c t s .  The perforxance r e s u l t s  

given for t h e  General E l e c t r i c  1-40 and TG-180 engines  a r e  - 
r co resen ta t ive  i n  gsne ra l  o f  t he  r e s u l t s  obtained on o ther  

engines;  however, t h e  ope ra t iona l  c h a r a c t e r i s t i c s  o f  the d i f f e r -  

e n t  engines d i f f e r  widely. 

Performance 

Reduction t o  sea- leve l  condi t ions , -  One of t he  most  

important phases of t he  r e sea rch  has  been the determinat ion o f  

the  t h r u s t  of j e t  engines a t  h igh  a l t i t u d e s  and t h e  eva lua t ion  

of a method by which these  t h r u s t s  can be p red ic t ed  from sea- 

l e v e l  measurements on the engine. An a n a l y s i s  of s t a t i c  

t h r u s t  da ta  obtained on the General E l e c t r i c  1-40 engine a t  

a l t i t u d e s  up t o  40,000 f e e t  has shown that  i f  the  measured 

speed of the  engine i s  co r rec t ed  t o  s ea - l eve l  condi t ions  by 

d iv id ing  by t he  square r o o t  o f  8, and i f  the measured s t a t i c  - 
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t h r u s t  a t  a l t i t u d e  i s  s i m i l a r l y  co r rec t ed  by d iv id ing  by 6 ,  the 

r e s u l t s  for a l l  a l t i t u d e s  c m  be co r rec t ed  t o  a s i n g l e  curve,  
b 

(See f i g ,  H.) These r e s u l t s  i n d i c a t e  t h a t  t h i s  conventional 

method of d a t a  reduct ion i s  wel l  founded and t h a t  i t  i s  

poss ib l e  t o  p r e d i c t  t he  a l t i t u d e  t h r u s t  of an engine without 

raril a t  a l t i t u d e  w i t h  considerable  accuracy, 

The f u e l  f l o w s  measured i n  the s t a t i c  t e s t s  o f  the 1-40 

engine at d i f f e r e n t  z l t i t u d e s  were co r rec t ed  t o  sea- leve l  

condi t ions  by d iv id ing  the  f u e l  flow by the  non-dimznsional 

parameter 6 (fig- 
7 8 ) .  (See reference 1,) The f u e l  f l .ows 

d id  not co r rec t  t o  a s i n g l e  curve except a t  engine speeds neai, 

t he  design speed. A t  t he  lower engine speeds,  the f u e l  f l o w s  

a r e  h igher  a t  high a l t i t u d e s  than a t  sea l e v e l  a s  a. r e s u l t  of 

the  lower conbustion e f f i c i e n c i e s  a t  a l t i t u d e  , A n  accura.te 

parameter f o r  reducing f u e l  f l o n s  measured a t  a l t i t u d e  t o  sea 

l e v e l  condi t ions  shoul6 include a term t o  account f o r  t he  

v a r i a t i o n  of combustion e f f i c i e n c y  with a l t i t u d e .  The 
8 

s p e c i f i c  f u e l  consumption va lues  ( f i g .  $ )  snow t h e  same d i s -  

crcpancies  when co r rec t ed  t o  s ea - l eve l  condi t ions  as  were noted  

f o r  the  f u e l  f l o w s .  

E f f e c t  of r a m , -  The e f f e c t  of ram on the j e t  t h r u s t  o f  
* 9 

the  General E l e c t r i c  1-40 engine i s  shown i n  f i g u r e  &6. The 

co r rec t ed  value of j e t  t h r u s t  F ~ / I  increases  with inc reas ing  

r a m  and a t  r a t e d  engine speed w i t h  a ram r a t i o  o f  1.8, co r re s -  

ponding t o  a f l i g h t  speed of  about 700 mi les  per  hour a t  

https://accura.te
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L20,000 f e e t  a l t i t u d e ,  the  co r rec t ed  j e t  t h r u s t  i s  55 percent  

h ighe r  than the s t a t i c  value.  In  c o r r e c t i n g  t h e  va lues  o f  

t h r u s t  obtained w i t h  ram t o  sea- leve l  condi t ions,  t h e  value o f  

6 i n  t h e  parameter Fj/6 i s  the ratio of  the  absolu te  t o t 3 1  

pressure  a t  the  engine i n l e t ,  a s  measured under  ram condi t ions ,  

t o  t he  absolu te  s t a t i c  pressure  of t h e  NACA s tandard atmosphere 

without ram a t  sea l e v e l ,  

The co r rec t ed  values  of f u e l  consumption and s p e c i f i c  f u e l  

consumption a t  d i f f e r e n t  engine speeds and ram pressure  r a t i o s  

a r e  shown i n  f i g u r e s  10 and 11. A t  the  lower engine speeds 

the  e f f e c t  of ran i s  t o  reduce t h e  f u e l  flow t o  the engine;  

however, a t  the desigr, speed the cor rec ted  f u e l  f lows with and 

wi thout  ram are spproximntely the  same. The. co r rec t ed  

s p e c i f i c  fuel consumptfon obtained from d iv ld ing  t h e  co r rec t ed  

f u e l  consumption by the co r rec t ed  t h r u s t  i s  lower a t  all speeds 

u - ~ ~ c , ~  The reduced s p e c i f i c  f u e l  consumption r 8 m  condi t ions .  

r e s u l t s  from recovery of energy by t h e  engine f r o n  the  pressure 

of tne rammed induct ion  a i r ,  

Net t h r u s t , -  The n e t  t h r u s t  o f  a J e t  engine is determined 

by s u b t r a c t i n g  the momentGm MUo of  the  mass flow of  gases 

passing through the engine from the measured j e t  t h r u s t .  

Values of t h e  co r rec t ed  n e t  t h r u s t  of t he  General E l e c t r i c  1-40 

engine for a range o f  rsm pressure r a t i o s  from the  s t a t i c  

condi t ion  t o  a ram r s t i o  of  1.8 a r e  shown i n  f i g u r e  12, The 

da t a  shown i n  f i g u r e  1 2  were obtained i n  t e s t s  a t  30,000 f e e t  



a l t i t u d e .  The e f f e c t  of ram i s  t o  reduce the n e t  t h r u s t  o f  

the  engine s o  t h a t  a t  d-esign speed and a t  3 r a m  pressure r a t i o  

o f  1.8 the ne t  t h r u s t  i s  approximately th ree - fou r ths  o f  the  j e t ;  

t h r u s t  

Corrected s p e c i f i c  f u e l  consumptions based on the  n e t  

t h r u s t  of the engine a r e  shown i n  f i g u r e  13. The n e t  s p e c i f i c  

f u e l  consumption inc reases  w i t h  ram as a r e s u l t  of t he  reduc- 

t i o n  i n  ne t  t h r u s t  w i t h  ram. The r e s u l t s  shown In f i g u r e  13 

should not  be i n t e r p r e t e d  as  i n d i c a t i n g  t h a t  the over-a11 

e f f i c i e n c y  of the  j e t  cycle  i s  reduced a t  high f l i g h t  speeds 

s ince  the  t h r u s t  horsepower de l ive red  i s  a product of the  n e t  

t h r u s t  and the f l i g h t  speed, Values o f  s p e c i f l c  f u e l  consump- 

t i o n  based on t h r u s t  horsepower a r e  shown i n  f i g u r e  1 4  f o r  the 

General E l e c t r i c  1-40 engine a t  design speed. The, s p e c i f l c  

f u e l  consumption reduces with increas ing  speed t o  a value o f  

a-.out 0.8 pounds of f u e l  per n e t  t h r u s t  horsepower a t  a flight 

speed of 700 m i l e s  p e r  hour. 

Windmilling,- The des igners  of j e t -p rope l l ed  a i r p l a n e s  

a r e  i n t e r e s t e d  i n  determining the  drag of a j e t  engine which i s  

inope ra t ive  but windmill ing.  This information i s  necessary t o  

determlne whether c losu res  w i l l  have t o  be provided a t  t h e  d w t  

i n l e t s  t o  t he  engine t o  reduce the  windmill icg drag. Extensive 

t e s t s  of the  General E l e c t r i c  1-40 and TG-180 engines have been 

made with t h e  engines windmill ing and i t  has  been found that, 

t he  engine windmill ing speeds a re  e s s e n t i a l l y  independent of 
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t h e  a l t i t u d e  and vary almost l i n e a r l y  with the t r u e  a i r speed .  

(See f i g .  15.) The windmill ing speeds of t h e  TG-180 engine,  

which i s  equipped with an ax ia l - f low compressor, a re  h igher  

than those of t h e  1-40 engine,  which i s  equipped w i t h  a c e n t r i -  

fuga 1 c ompre s s o r  . 
The va lues  of  t he  windmill ing drag divided by the  r a t e d  

t h r u s t  f o r  the  TG-180 and 1-40 engines a m  shown i n  f i g u r e  16. 

TI-_. drag of  the 1-40 engine i s  somewhat h igher  than t h a t  of 

t he  TG-180 engine.  A t  a f l i g h t  speed of 600 miles  per  hour,  

t h e  windmill ing d r sg  of  these  engines i s  g r e a t e r  than the  m t e d  

j e t  t h r u s t .  The high drags measured f o r  a l l  f l i g h t  condi t ions  

i n d i c a t e s  t h a t  i t  i s  imperative thtlt t he  duct inlets of a i r -  

p lanes  equipped w i t h  j e t  engines should be sea l ed  when the  

engine i s  inope ra t ive  i n  f l i g h t .  

The air f l o w  through 2 windmilling engine i s  consider'ablg 

h i g h e r  than i t  i s  for an operat ing engine. (See f i g .  17.) 

The reduced a i r  flow during the opera t ing  Condition r e s u l t s  

from the  momentum pressure  drop i n  the combustion chamber due 

t o  the a d d i t i o n  of h e a t .  The o r i g i n  of  the h igh  windmill ing 

drags of thc  j e t  engines i s  shown i n  surveys o f  the t o t a l  and 

s t a t i c  p re s su res  through the engine while i n  the  windmilling 

condi t ion.  (See f i g s .  18 and 13.) 

Operat ional  C h a r a c t e r i s t i c s  

Acceleration.-  .- One of  t h e  most s e r ious  ope ra t iona l  f a u l t s  

found i n  the i n v e s t i g a t i o n  of j e t  engines a t  a l t i t u d e  condi t ions  
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was s l o w  a c c e l e r a t i o n ,  p a r t i c u l a r l y  at, low engine speeds,  The 

time requi red  t o  a c c e l e r a t e  the engine r ap id ly  increased w i t h  

incrcase  i n  a l t i t u d e ,  a s  shown i n  f i g u r e  20. Thfs increase  i n  

a c c e l e r a t i o n  time r e s u l t s  from the  decreased angular  momentum 

imparted t o  the turb ine  by the low-density gases  a t  high a l t i -  

tudes.  Thc mass t o  be ziccelepated remains constant  with 

change ii? a l t i t u d e ,  whereas the  fo rce  a v a i l a b l e  for a c c e l e r a t -  

ing t h e  compressor and turb ine  decreases.  A reasonable agree- 

ment e x i s t s  between t h e o r e t i c a l  s t g d i e s  of t h i s  e f f e c t  and 

experimentally determined a c c e l e r a t i o n s ,  as shown i n  f i g u r c  20.  

The most promising method f o r  r a p i d l y  changing the  t h r u s t  

of a J e t  engine appears t o  be an ad jus t ab le  t a i l  nozzle ,  by 

means of which the t h r u s t  can be var ied  g r e a t l y  without chang- 

ing engins speec?. The t h e o r e t i c a l  v a r i a t i o n  o f  t h r u s t ,  which 

may be obtained by var.ying the  t a i l - p i p e  nozzle area a t  a f i x e d  

engine speed, i s  shown i n  f i g u r e  21; i t  will be noted t h a t  
, 

t h r u s t  can be decreased by approximately one-half b y  doubling 

the nozzle o u t l e t  area, For t a c t i c a l  use i n  m i l i t a r y  oper -  

a t i o n s ,  tht; t a i l  pipe can be designcd t o  bc opened i n  c r u i s i n g  

f l i g h t  snd snapped shut j u s t  prior t o  beginning XI a t t a c k ,  

An experiment21 model of t h i s  type of a d j u s t a b l e  t a i l  p ipe  

was t e s t e d  and the r c s u l t s  obtained, as shown i n  f i g u r e  2.1, arc 

Fn close agreement w i t h  the values  predictec? by theory.  The 

o u t l e t  area of the experimental  nozzle w a s  changed by opening 

and c los ing  hinge6 doors forining the s i d e s  of 9 square j e t  

nozzle.  When the doors  were closed quickly by vs lv ing  
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compressed a i r  i n t o  ac tua t ing  cy l inders ,  the  t h r u s t  of the u n i t  

increased  almost i n s t a n t l y  t o  a higher  value,  and the  speed o f  

the engine when i n  the  governing range remained e s s e n t i a l l y  the  

same. 

The use o f  an a d j u s t a b l e  t a i l  nozz le  f o r  j e t  engines  i s  

c l e a r l y  ind ica ted ,  n o t  only for purposes of a c c e l e r a t i o n  but  

also t o  reduce the  t h r u s t  i n  landing  and t o  provide a meam for- 

r a p i d l y  increas ing  the  t h r u s t  i n  t h e  event  of a p i l o t  e r r o r  i n  

land-ing. By reducing the  j e t  nozz le  s i z e  i n  t h e  take-off  

condi t ion ,  h ighe r  take-off' t h r u s t s  can be obtained mtth h igher  

t u r b i n e - i n l e t  temperatures  dur ing  the  take-off  run. 

S t a r t i n g  and minimum speed opera t ion , -  One o f  the  major 

ope ra t iona l  problems o f  j e t  engines  i s  the  a l t i t u d e  l i m i t a t i o n  

on s t a r t i n g  i n  f l i g h t ,  Increas ing  the  a l t i t u d e  or i nc r sas ing  

the  f l i g h t  speed reduces the  p r o b a b i l i t y  that  s t s r t h g  can be 

accomplished. The General E l e c t r i c  TG-180 has the  most 

favorable  s t a r t i n g  c h s r a c t e r i s t i c s  of the  engines  t e s t e d  thLs 

f a r  and r e s u l t s  obtained on the  l i m i t i n g  a l t i t u d e s  and f l i g h t  

speeds a t  which s t a r t i n g  can be accomplished a r e  shown i n  

.f igure 22, S t a r t s  were made on the  TG-180 engine a t  40,000 

f e e t  a l t i t u d e ,  however, no t  above a ram r a t i o  corresponding t o  

,a f l i g h t  speed of 300 mi les  per  hour ,  The h igh  a l t i t u d e  

s t a r t s  on the  TG-180, however, requi red  c a r e f u l  nurs ing  of thc  

t h r o t t l s  t o  avold burner  blowout, 

I g n i t i n g  the  co ld ,  low-density f u e l - a i r  mixture i n  the 



in t he  combustion chambsr i s  the  f i r s t  problem i n  a l t S t u d c  

s t a r t i n g .  When t h e  f l i g h t  speed i s  high s o  t h a t  t i ia engine is 

windmilling a t  a high speed, condi t ions  i n  the  cornbustion 

chamber a r c  aggravated because the a i r  f low through t h e  

combustion zone i s  h ighe r  thsn  the a i r  floxv t h a t  occurs during 

t h e  opera t ing  condi t ion.  (See f i g .  17.) The sprag formation 

i n  the  combustion chamber i s  d i s t o r t e d  and t h e  fuel-air r a t i o  

In the  primary burning zone i s  decreased. 

Major improvements i n  the  i g n i t i o n  o f  the  TG-180 engine 

were e f f ec t ed ,  howc3er, by minor changes t o  the  spzrk plugs 

and combustion charnbers. The s o l u t i o n  o f  the  f g n i t f o n  problem 

in windmill ing s t a r t s  a t  a l t i t u d e  w i l l  probably be reached a s  

a r e s u l t  of extensive development now i n  progrbss  on spray 

nozzles,  combustion chambers, and iGniti.cn systems. 

A far more se r ious  snd fun2arnental problem i s  the acce l -  

e r a t i o n  of the engines during t h e  s t a r t  f r o m  ths speed o f  t he  

s t a r t i n g  motor or windmilling speed t o  the speed ill; which the 

engine w i l l  operate  i n  a s t a b l e  manner. T h i s  s t a b l e  operat-  

ing speed can n o t  be t o o  accu ra t e ly  def ined s ince  i t  depends 

on the  ope ra to r ' s  s k i l l  w i t h  t he  t h r o t t l e  and judgment. For 

t h e  purpose of  d i scuss ion ,  i t  can be def ined  as  the  lowest, 

speed from which the engine can be acce le ra t ed  normi l ly  wfth- 

o u t  excessive juggling of the t h r o t t l e  t o  svoid  hlgh ta i l -p i ] )e  

te , , -  e r a t u r e s  and combustion blowout. M,linirniirn s t a b l e  opera t ing  

speeds a t  d i f f e r e n t  a l t i t u d e s  for the  General Electric 1-40 

engine based on t h i s  d e f i n i t i o n  a r e  shown i n  f'fgum 2 3 .  

AL 
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The a c c e l e r a t i o n  from the  s t a r t i n g  motor o r  windmflling 

siiesd t o  t h e  s t a b l e  opera t ing  speed i s  d i f f i c u l t  becziuse the  

e n g h e  i s  opera t ing  i n  t h i s  speed range a t  i t s  m o s t  i ne f f i c i en t ;  

condi t ion  and f a r  from the  design poin t  of a l l  t h e  engine 

components. Ths combustion e f f i c i e n c y  i n  t h i s  range o f  speeds 

i s  extremely low u t  h igh  a l t i t u d e s .  (See f i g ,  24.) 

The low combustion e f f i c i s n c y  i n  i t s e l f  would no t  be too 

s e r i o u s  i f  i t  d id  no t  requi re  t h & t  l a r g e  amounts of f u e l  be 

provided t o  t h e  engines throuqh the burner ndzz les  i n t o  the  

primary burning zone, The f u e l - a i r  r a t i o s  measured f o r  the  

General E l e c t r i c  1-40 engine a t  d i f f e r e n t  a l t i t u d e s  and engine 

speeds a r e  shown i n  f lgu re  25. The r e s u l t s  o f  f i g u r e  25 

must be ex t r apo la t ed  t o  lower sngina speeds t o  provide an 

accura tc  p i c t u r e  of t h e  h igh  f u c l - a i r  r 3 t i o . s  o c c u r h g  a t  s t a r t -  

ing speeds. 

A s  a r e s u l t  of ovei-rich mixtures i n  the  primzry burning 

z m e  of the  cornbustion chamber dur ing  the  s t a r t i n g  cycle  a t  

a l t i t u d e ,  t h e  a d d i t i o n  of the  f u e l  r equ i r ed  f o r  a c c c l e r a t i o n  

normally r e s u l t s  i n  burner  blowout. P r a c t i c a l  s t a r t s  on the  

General E l e c t r i c  1-40 engine have n o t  been poss ib l e  sbove a n  

a l t i t u d e  o f  20,000 f e e t .  

S t a r t i n g  a t  a l t i t u d e  i s  improved w i t h  ram, provided 

i g n i t i o n  i s  accon?lished, a s  a r e s u l t  of the  energy t r a n s f e r  

from t h e  rammed induct ion a i r  t o  the  compressor. The fue l -  

a i r  r a t i o s  measured on the  1-40 engine a t  d i f f e r e n t  r a m  

pressure  r a t i o s  a t  30,000 f e e t  a l t i t u d e  a re  shown i n  f i g u r e  26. 
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T 1 e  fuel-air r a t i o s  decrease with i nc reas lng  ram rat!-o s o  thEit 

over loading  of t he  primary Surning zone i s  avoidedo 
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INSTRUMENTATION OF 1-40 ENGINE 
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	ALTITUDE WIND TUNNEL INVESTIGATIONS OF JET-PROPULSION EXGINES By Abe Silverstein 
	SUMMARY 
	Investigations of the performance and operational charac- tersitics of several jet-propulsion engines have recently been conducted in the NACA Cleveland altitude wind tunnel and a few of the significant results are summarized in this report. The testing techniques and instrumentation methods are briefly reviewed. 
	Measured performance data on the General Electric 1-40 engine are given for a wide range of altitudes and ram pressure ratios and the applicability of the methods used in reducing the data to standard sea-level conditions is disccss- ed, The drags of windmilling engines are shown to be high and the necessity is stressed for closing the duct inlets of engines that are inoperative in flight. 
	The difficulties experienced in starting and accelerating jet-propulsion engines at high altitudes are pointed out and the adjustable tail-pipe nozzle is shown to be a useful device for improving the operational characteristics of the engines. The effect of altitude in decreasing the range of stable oper- ating speeds of jet-propulsion engines is shown and the factors 
	The difficulties experienced in starting and accelerating jet-propulsion engines at high altitudes are pointed out and the adjustable tail-pipe nozzle is shown to be a useful device for improving the operational characteristics of the engines. The effect of altitude in decreasing the range of stable oper- ating speeds of jet-propulsion engines is shown and the factors 
	contributing to "combustion blowout" at low engine speeds are 

	out1 ine d . 
	INTRODUCTION 
	The advent of the jet-propulsion engine as a prime mover for aircraft has introduced broad new fields for research. A phase of this research is the determination of the effects of altitude and flight speed on the performance and operational characteristics of jet engines, and the efforts of the Cleveland altitude wind tunnel staff during the past year have been largely devoted to this work. The I research program has included investigations of the General Electric 1-16, 1-40, and TG-180 engines and the West
	The performance characteristics of these engines have been investigated whenever possible over a range of pressure alti- tudes from approximately sea level to 50,000 feet and at tunnel 
	0 
	temperatures from 60' F to -50 F, Operational tests have also been conducted which usually include investlgatfons of starting, acceleration, windmilling, and fuel-metering charac- teristics, At the higher altitudes the engines are tested at ram pressure ratios corresponding to flight speeds as high as 700 miles per hour. 
	For the tests, the engines are either mounted in aircraft installations, as was the case of the General Electric 1-40 e;Eine in the YP-80A airplane, or in specially constructed wing-nacelle installations. The engines are extensively 
	For the tests, the engines are either mounted in aircraft installations, as was the case of the General Electric 1-40 e;Eine in the YP-80A airplane, or in specially constructed wing-nacelle installations. The engines are extensively 
	instrumented in order that detailed information can be obtained on the over-all characteristics of the engines as well as of the separate components. 

	Significant test results have been abstracted to provide a basis for a preliminary presentation of the general effects observed in altitude tests of jet engfnes. 
	SYMBOLS windmilling drag, lb jet thrust, lb 
	Fj F :,,'e jet thrust corrected to NACA standard atmospheric conditions at sea level, lb Frl net thrust, lb 
	net thrust corrected to NACA standard atmospheric 
	Fnb 
	conditions at sea level, lb *Alp0 ram pressure ratio 
	Hu tail-rake total pressure, lb/sq ft abs. 
	Al 
	h tunnel pressure alt i tilde , ft N engine speed, rpm 
	Np engine speed corrected to NACA standard atmospheric conditions at sea level, rpm 
	tail-rake static pressure, lb/sq 0 ft abs. 
	PH TH tail-rake indicated temperature, R 
	true airspeed, mph Wa air flow, lb/sec 
	air flow corrected to NACA standard atmospheric conditions at sea level, lb/sec 
	W@/6 

	fuel flow, lb/sec 
	Wf 

	fuel flow corrected to NACA standard atmospheric conditions at sea level, lb/sec 
	fuel-air ratio corrected to NACA standard atmospheric conditions at sea level 
	specific fuel consumption based on jet thrust corrected to NACA standard atmospheric conditions at sea level, lb/(hr)(lb jet thrust) 
	specific fuel consumption based on net thrust corrected to NACA standard atmospheric conditions at sea level, lb/(hr)(l5 net thrust) 
	c ombus t i on 6 f f i c ienc y , pe r cent 
	ratio of absolute total temperature at the compressor inlet to absolute static temperature of NACA standard atmosphere at sea level 
	ratio of absolute total pressure at the compressor inlet to absolute static pressure of NACA standard atmosphere at sea level 
	WIND-TUNNEL INSTALLATION AED INSTRUMENTATION 
	The Cleveland altituae wind tunnel is a single-circuit return passage tunnel with a closed test section 20 feet i.n diameter. Engines are mounted in the tunnel on wings extend- ing across the tunnel which are attached at their tips to the main balance trunnions. A six-component parallelogram balance equipped with a tape recorder measures the forces on the model, which may be rotated in pitch about the tI'unnion axes by a motor-drayen screw mechanism, An installation of the YPd8OA airplane in the tunnel is s
	Altitude conditions are simulated by reducing the tunnel pressure by means of exhausters and by reducing the tunnel temperature by means of refrigerating coils located in the 
	tunnel return passage. The pressure in the tunnel can be reduced to 1$ inches of Mercury absolute and the temperature can be reduced to approximately -50 F. The design airspeed in the tunnel at an altitude of 30,000 feet is approximately 
	0 

	500 miles per hour with the tunnel empty. Large models such as have been tested in the tunnel reduce the speed to a vslue considerably lower than the design speed. For tests of jet- propulsion engines at high values of ram pressure ratio, a pipe providing dry refrigerated air at slightly less than sea-level pressure is connected directly to the inlet of the engine, The tunnel pressure is then reduced so that a pressure differ- ential betwcen the engine inlet and discharge of more than two can be obtained. 
	The engines are extensively instrumented, as illustrated in figure 2. Measurements have been taken at 11 stations through the air and gas passages of the 1-40 engine correspond- ing to 245 individual measurements of pressure and temperature, Typical rakes usea for measuring the total and static pressures in the air passages of the englne are shown in figure 3. inconel rake has been developed for measuring the total and static pressures and temperatures at the tail-pipe nozzle. (See fig. 4,) Typical distribu
	An 

	Temperatures are recorded by means of Brown self-balancing potentiometers and pressures are recorded by photographing banks of liquid-filled manometers, Fuel flows are measured by means of a rotameter, 
	RESULTS AND DISCUSSION 
	The detailed results of the investigations on jet engines have thus far been presented as Preliminary Data reports to the AAF Air Technical Service Command and the Bureau of Aeronaut)ics. Approximately fifty of these reports nave been submitted to the services and a summary of these data necessarily must omit many interesting and significant facts. The perforxance results given for the General Electric 1-40 and TG-180 engines are 
	- 
	rcoresentative in gsneral of the results obtained on other engines; however, the operational characteristics of the differ- ent engines differ widely. 
	Performance 
	Reduction to sea-level conditions,- One of the most important phases of the research has been the determination of the thrust of jet engines at high altitudes and the evaluation of a method by which these thrusts can be predicted from sea- level measurements on the engine. An analysis of static thrust data obtained on the General Electric 1-40 engine at altitudes up to 40,000 feet has shown that if the measured speed of the engine is corrected to sea-level conditions by dividing by the square root of 8, and
	thrust at altitude is similarly corrected by dividing by 6, the results for all altitudes cm be corrected to a single curve, 
	b 
	(See fig, H.) These results indicate that this conventional 
	method of data reduction is well founded and that it is 
	possible to predict the altitude thrust of an engine without raril at altitude with considerable accuracy, 
	The fuel flows measured in the static tests of the 1-40 engine at different zltitudes were corrected to sea-level conditions by dividing the fuel flow by the non-dimznsional parameter 6 (fig- 8). (See reference 1,) The fuel fl.ows did not correct to a single curve except at engine speeds neai, the design speed. At the lower engine speeds, the fuel flows are higher at high altitudes than at sea level as a. result of the lower conbustion efficiencies at altitude , An parameter for reducing fuel flons measured
	7 
	accura.te 

	8 
	specific fuel consumption values (fig. $) snow the same dis- crcpancies when corrected to sea-level conditions as were noted for the fuel flows. 
	Effect of ram,- The effect of ram on the jet thrust of 
	* 9 the General Electric 1-40 engine is shown in figure &6. The corrected value of jet thrust F~/I increases with increasing ram and at rated engine speed with a ram ratio of 1.8, corres- ponding to a flight speed of about 700 miles per hour at 
	L20,000 feet altitude, the corrected jet thrust is 55 percent higher than the static value. In correcting the values of thrust obtained with ram to sea-level conditions, the value of 
	6in the parameter Fj/6 is the ratio of the absolute tot31 
	pressure at the engine inlet, as measured under ram conditions, 
	to the absolute static pressure of the NACA standard atmosphere without ram at sea level, 
	The corrected values of fuel consumption and specific fuel consumption at different engine speeds and ram pressure ratios are shown in figures 10 and 11. At the lower engine speeds the effect of ran is to reduce the fuel flow to the engine; however, at the desigr, speed the corrected fuel flows with and without ram are spproximntely the same. The. corrected specific fuel consumptfon obtained from divlding the corrected fuel consumption by the corrected thrust is lower at all speeds u-~~c,~ The reduced speci
	r8m conditions. results from recovery of energy by the engine fron the pressure of tne rammed induction air, 
	Net thrust,- The net thrust of a Jet engine is determined by subtracting the momentGm MUo passing through the engine from the measured jet thrust. Values of the corrected net thrust of the General Electric 1-40 engine for a range of rsm pressure ratios from the condition to a ram rstio of 1.8 are shown in figure 12, The data shown in figure 12 were obtained in tests at 30,000 feet 
	of the mass flow of gases 
	static 

	altitude. The effect of ram is to reduce the net thrust of 
	the engine so that at d-esign speed and at 3 ram pressure ratio 
	of 1.8 the net thrust is approximately three-fourths of the jet; 
	thrust 
	Corrected specific fuel consumptions based on the net thrust of the engine are shown in figure 13. The net specific fuel consumption increases with ram as a result of the reduc- tion in net thrust with ram. The results shown In figure 13 should not be interpreted as indicating that the over-a11 efficiency of the jet cycle is reduced at high flight speeds since the thrust horsepower delivered is a product of the net thrust and the flight speed, Values of speciflc fuel consump- tion based on thrust horsepower
	Windmilling,- The designers of jet-propelled airplanes are interested in determining the drag of a jet engine which is inoperative but windmilling. This information is necessary to determlne whether closures will have to be provided at the dwt inlets to the engine to reduce the windmillicg drag. Extensive tests of the General Electric 1-40 and TG-180 engines have been made with the engines windmilling and it has been found that, the engine windmilling speeds are essentially independent of 
	0- c 
	10 - 
	- 

	the altitude and vary almost linearly with the true airspeed. 
	(See fig. 15.) The windmilling speeds of the TG-180 engine, which is equipped with an axial-flow compressor, are higher than those of the 1-40 engine, which is equipped with a centri- fuga 1 c ompre s s or . 
	The values of the windmilling drag divided by the rated 
	thrust for the TG-180 and 1-40 engines am shown in figure 16. TI-_. drag of the 1-40 engine is somewhat higher than that of At a flight speed of 600 miles per hour, 
	the TG-180 engine. 

	the windmilling drsg of these engines is greater than the mted 
	jet thrust. The high drags measured for all flight conditions indicates that it is imperative thtlt the duct inlets of air- planes equipped with jet engines should be sealed when the 
	engine is inoperative in flight. 
	The air flow through 2 windmilling engine is consider'ablg higher than it is for an operating engine. (See fig. 17.) The reduced air flow during the operating Condition results 
	from the momentum pressure drop in the combustion chamber due 
	to the addition of heat. The origin of the high windmilling 
	drags of thc jet engines is shown in surveys of the total and 
	static pressures through the engine while in the windmilling 
	condition. (See figs. 18 and 13.) 
	Operational Characteristics Acceleration.- .- One of the most serious operational faults found in the investigation of jet engines at altitude conditions 
	AL 
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	was slow acceleration, particularly at, low engine speeds, The time required to accelerate the engine rapidly increased with incrcase in altitude, as shown in figure 20. Thfs increase in acceleration time results from the decreased angular momentum imparted to the turbine by the low-density gases at high alti- tudes. Thc mass to be ziccelepated remains constant with change ii? altitude, whereas the force available for accelerat- ing the compressor and turbine decreases. A reasonable agree- ment exists betwe
	The most promising method for rapidly changing the thrust of a Jet engine appears to be an adjustable tail nozzle, by means of which the thrust can be varied greatly without chang- ing engins speec?. The theoretical variation of thrust, which may be obtained by var.ying the tail-pipe nozzle area at a fixed engine speed, is shown in figure 21; it will be noted that 
	, 
	thrust can be decreased by approximately one-half by doubling the nozzle outlet area, For tactical use in military oper- ations, tht; tail pipe can be designcd to bc opened in cruising flight snd snapped shut just prior to beginning XI attack, 
	An experiment21 model of this type of adjustable tail pipe was tested and the rcsults obtained, as shown in figure 2.1, arc Fn close agreement with the values predictec? by theory. The outlet area of the experimental nozzle was changed by opening and closing hinge6 doors forining the sides of 9 square jet nozzle. When the doors were closed quickly by vslving 
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	compressed air into actuating cylinders, the thrust of the unit increased almost instantly to a higher value, and the speed of the engine when in the governing range remained essentially the same. 
	The use of an adjustable tail nozzle for jet engines is clearly indicated, not only for purposes of acceleration but also to reduce the thrust in landing and to provide a meam for- rapidly increasing the thrust in the event of a pilot error in land-ing. By reducing the jet nozzle size in the take-off condition, higher take-off' thrusts can be obtained mtth higher turbine-inlet temperatures during the take-off run. 
	Starting and minimum speed operation,- One of the major operational problems of jet engines is the altitude limitation on starting in flight, Increasing the altitude or incrsasing the flight speed reduces the probability that stsrthg can be accomplished. The General Electric TG-180 has the most favorable starting chsracteristics of the engines tested thLs far and results obtained on the limiting altitudes and flight speeds at which starting can be accomplished are shown in .figure 22, Starts were made on th
	Igniting the cold, low-density fuel-air mixture in the 
	Igniting the cold, low-density fuel-air mixture in the 
	in the combustion chambsr is the first problem in altStudc 

	starting. When the flight speed is high so that tiia engine is windmilling at a high speed, conditions in the cornbustion chamber arc aggravated because the air flow through the combustion zone is higher thsn the air floxv that occurs during the operating condition. (See fig. 17.) The sprag formation 
	in the combustion chamber is distorted and the fuel-air ratio 
	In the primary burning zone is decreased. 
	Major improvements in the ignition of the TG-180 engine were effected, howc3er, by minor changes to the spzrk plugs and combustion charnbers. The solution of the fgnitfon problem in windmilling starts at altitude will probably be reached as a result of extensive development now in progrbss on spray nozzles, combustion chambers, and systems. 
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	A far more serious snd fun2arnental problem is the accel- eration of the engines during the start from ths speed of the starting motor or windmilling speed to the speed ill; which the engine will operate in a stable manner. This stable operat- ing speed can not be too accurately defined since it depends on the operator's skill with the throttle and judgment. For the purpose of discussion, it can be defined as the lowest, speed from which the engine can be accelerated normilly wfth- out excessive juggling of
	M,linirniirn stable operating 

	AL 
	The acceleration from the starting motor or windmflling siiesd to the stable operating speed is difficult becziuse the enghe is operating in this speed range at its most inefficient; condition and far from the design point of all the engine components. Ths combustion efficiency in this range of speeds is extremely low ut high altitudes. (See fig, 24.) 
	The low combustion efficisncy in itself would not be too serious if it did not require th&t large amounts of fuel be provided to the engines throuqh the burner ndzzles into the primary burning zone, The fuel-air ratios measured for the General Electric 1-40 engine at different altitudes and engine speeds are shown in flgure 25. The results of figure 25 must be extrapolated to lower sngina speeds to provide an accuratc picture of the high fucl-air r3tio.s occurhg at start- ing speeds. 
	As a result of ovei-rich mixtures in the primzry burning zme of the cornbustion chamber during the starting cycle at altitude, the addition of the fuel required for acccleration normally results in burner blowout. Practical starts on the General Electric 1-40 engine have not been possible sbove an altitude of 20,000 feet. 
	Starting at altitude is improved with ram, provided ignition is accon?lished, as a result of the energy transfer from the rammed induction air to the compressor. The fuel- air ratios measured on the 1-40 engine at different ram pressure ratios at 30,000 feet altitude are shown in figure 26. 
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	T1e fuel-air ratios decrease with increaslng ram rat!-o so thEit overloading of the primary Surning zone is avoidedo 
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