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By William A. Fleming 

h inPe8tig8tim -8 C X d U O t e d  in the Chmhnd a l t i t ude  wind 
tunnel t o  determine the operatio3lal aharaoterietios of an e a l -  
f low-type turbojet engine with 8 4000-pound-thruet rut- 
over a range of preesure alt i tudes from 5000 t o  50,OOO feet ram 
pressure ratioe frcm 1.00 to 1.86, and temperatures irom 60 b 
was originally equipped wae replaced by a high-flow cxmpree8or for 
part of the  investigatim. The effecte of alt i tude ana sirepeed 081 
such operating  charaoterietice as operating range, etabi l i ty  of 
oambuetion, acceleration, etar t ing,  operatian of fuel-oontrol eyetem, 
and bearing oooling were investigated. 

t o  -50' F. The 1m-f law (8Wd8X'd) mpm88oT With ai& the -he  

With the low-flow ocmpreesor, the engine could be operated a t  
f u l l  speed without serious burner unbalaaoe at alt i tudes up t o  
50,000 feet. Inareasing the  a l t i t d e  aad sirepeed greatly reduced 
the operable speed range of the engine by raising t h e  minimuua o p e -  
at- epeed of the engine. In several rune with the high-flaw 
campressor the maximum engine speed uae limited t o  lese than 
7600 rpm by ombustian blow-out, high tail-pipe temperaturee, and 
oompreesor stall. Aooeleratiorn of the sagine was re la t ive ly   e lm 
and the time required  for  aowleration  increased r l t h  altitude. 
A t  maximum engine aped  a sudden reduotion in jet-nozzle urea 
resulted in  an lmutediate~ inorease in  t-t. The engine started 
nonnelly and eaeily below 20,OOO feet with eaoh mnfiguratian. The 
use of a high-voltage ignition syetem made go68ible starts a t  a 
pressure alt i tude of 40,OOO feet; but on theee start6 the  tail-pipe 
temperatures were very high, a great deal of fue l  burned in and 
behind the t a i l  pipe, and aoceleration wae very elow. Operatian 
of the w i n e  wae eimilrrr w i t h  both fuel  regulator8 exaept that the 
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modified fuel  regulator  restrioted the  fuel  flow in euch a manner 
that the acoeleratim above 6000 rpm wae very  slaw. The bearings 
did not  cool  properly  at high altitudes and high engine speeds with 
a  law-flow  wnpreseor, and bearing  cooling m e  even  poorer with a 
high-flow  oompressor. 

An investigstion has been conduoted in the HAW Cleveland alti- 
tude  wind tunnel to detennbe the operatla1 and perfonaanue oharac- 
terietics of an axial-flowtype 4000-pound-thruet  turbojet engine. The 
performame uharaet.erietic8 of the englne in the slxmdard oonflg- 
uratlm are inoluded in reference 1. Engine operational  date 
obtained  with  the engine in the  standard  configuration and with 
varioue  modifiuaticms to the s tanhrd  configuration i e  preeented 
herein. The modifioatlone Investigated  include ohangee In the 
campreasor,  the  oambaetlaa  ohambere,  the  turbine, the turbine nozzle, 
the  tail pipe, the Jet  nozzle,  the  ignitlan system, and the fuel 
reg.alator. The follwlng ogeratiaaal  nharaoterlstlas  were  investi- 
gated:  operating egeed range,  uombueticrn  etabillty,  aoceleration, 
etarting,  operation of the h e 1  ccmtrol eyetam, and bearing cooling. 
Damage tht o C ~  to 8gWal p a r t e  Of the -9 during the 17ul8 
ie dieuuseed. 

The hi@-flow ompressor unit oonsidered herein doee not 
represent any engine omtanplated for produotion  by the engine 
manufacturer,  but doee repreeent the initial attempt  of  the  eng3.m 
manufauturer to obtain inureaeed perfonnanoe by modifying the 
standard  unit with the  quickest an8 simpleet  methode  available  at 
the  time of the 4000-pound-thrust  =ial-rlaw  turbojet engine wind- 
tunnel  teat  program. 

Two inlet  oonflgrugtlane were used  in the investigation. For 
the  static  tests the q i n e  air WSB taken from the tunnel  test 
sectlm in a norms1 manner: for the r a m  teats  the  air was Intrcluced 
in to  the engine through a duut at preeaures above  the  tunnel-test- 
seotion pressure in  order to s h u l a t e  various flight  speeds. The 
tests were oopduated over a range of ram preseure ratios irom 1.00 
to 1.86 and keeeure altitudes frcnn 5ooo to 50,000 feet  with  apgrori- 
mately  corresponding stand& air temperatures. 

The 335 engine investigated hae a sea-level  rating of 4000 pounds 
statio thruet at an anglne epeed of 7600 rpm. A t  thie  rating *he air 
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flow is approximately 75 pounds per second and the fuel flow 
4400 pounds per hour. The over-all length nf the angine is about 
14 feet; the maximum diameter, 36 inohee; and:the t o t a l  weight, 
2300 pouads. Both ocsngreseors h v e  11 mal-f low rrt;sgee. The low- 
flow oampressor provide8 a pressure r a t io  of approximstely 4 and the 
high-flow capressor provides a pressure r a t i o  of approrimadkly 4.5 
at rated engine speed. On the w i n e  are  eight indivtdual ombus- 
t i an  chambere. Two of the chambers contain a spark p w  to'  ignite 
the fuel when start ing the engine. Fuel in the  other sir oambua- 
tiaa chambers ie urose-iepited through the emall intercopneuting 
tubes that join the burners together. A single-ert;age turbine  drives 
the campressor. 

In order to  obtsin  satisfaotory starting and idllng ahsreLcter- 
i s t i o s ,  each ocpnbustion  ohamber was equippgd with a duplex fue l  
nozzle t o  whioh fuel was supplied through two lines. The low-flaw or 
primary line supplied fuel t o  the small s lo t s  of the nozzles a t  all 
operating  omditione and the high-flow or eeocmdary line supplied 
fuel to   the  large s lo ts  when the engine was operating a t  high fuel. 
rates. With the duplex  nozzles, a well-balapoed epray pattern could 
be maintained in the combuetion ohanibers throughout the entire range 
of fuel flm. 

Installation and Procedure 

llhe enghe w a ~  supported cm a 7-foot-chord a i r fo i l  installed i n .  
the 20-foot-diameter test seoticcn of the wind tunnel, as Shown in 
figure 1. The omling exbended only t o  the rear of the ompressor; 
thus  the burner8 and t h e . t a i l  pipe were cooled by the movement of the 
air in the test seotim. A i r  was supplied to   t he  englne by  two 
methods. F m  the   s ta t io  tests 8 wooden cowling was attaohed t o  the 
engine i n l e t  aril air was supplied t o  the engine f ru~  the  tunnel test 
eecticn in a normal manner. For the ram tes t s  inlet pressures 
oorrespmding t o  fli&t a t  high speed w e r e  obtained by introduoing 
dry refrigerated air  from the tunnel make-up air system at  approxi- 
mately sea-level  pressure. The air was throt t led  to  the desired 
pressure at  the engine i n l e t  while the wipd-tunnel pressure and 
temperature  oorresponding t o  the test alt i tude were maintained. !Che 
make-up air duct m e  ocarneoted t o  the engine intake by meane of a 
s l i p  joint  located 40 f ee t  upstream of the engine. (See fig. 2, 
station X.) The tunnel  drive motor wa6 not operated in these tests, 
but a velooity froan 40 t o  100 feet  per seoond was induced in the 
tunnel test seotion by the ejeotor  effeot of the Jet  and by the 
tunnel-exhauster scoop located Inmediately dometream of the t e s t  
section. 

The engine was exteneively instrumented as ahown in figure 3. 
Temperature and pressure meaeuremente of the air asd gases w e r e  taken 
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a t  eight " H o n e  tbronghout the engine in order t o  obtain Infor- 
mation m the indiddual ooanganents and the over-all  operating 
oharaoteristics. 

Vibration pidcups were installed on the engine t o  determine the 
amplitude of the horieooltal and vertid vlbratian of the engine at 
the front flange of the ompressor wing and the rear flange of the 
turbine o a s w .  The amplitude of vibration was indicated by a 
vibration meter in the omtrol  room. 

!L'wo compressors desieplated la?-flow and high-flow w e r e  investi- 
gated. The law-flow canpressor, which was the standard compressor 
for the englne, has 8 sea-level alr-flow rate of about 7 0  pound8 of 
air per eeomd at 7600 rpm. !Fhe high-flaw c ~ e s s o r  has the eeune ' 

dimensians as the low-flaw OaDgressoF, bat the blade angle of the 
rotor and etator blades l e  approximately 5 O  greater in order t o  give 
a higher sir flow. 

T%ree t y p e  of ooanbuetian ohamber, desiejzated A,'B, and C, were 
investigated (fig. 4). The prinoipd dimeneians of the three c m e r s  
are tM B e ,  but they dif'fer in the meinner in whioh air  is htm- 
duo& into  the gr-y burning tcme. On the dam of the tspe A 
ombustioar aheniber are three raw of louvers pushed outward t o  8ooop 
the sir into the primary bum- zone. Tbe type B chamber is similar 
t o  type A except that the oenter r m  of louvere ie pushed ia BO that 
air  is blam upstream aloag the d e r  surf'aoe of the dam. Thie mcdif- 
oaticm was made t o  improve the s t a r t i n g  oha3.aoterietics of the engiae. 
The tyge C conibuetian chamber has a hood over the Uane t o  ram more a i r  
through the louver#, whioh are pU8hed in instead of raieed as in types A 
and B. A vertiual motim of the air is intrdluoed an %he inner surface 
of the dome by means at' two rows of louvere bent t o  induue oircumfer- 
entlal flaw in opposite aireoticms. This m o d i f l o a t i o n  was designed to 
provlde a higher upper blow-out limit for high-altitude  operatian. 

Three turbine nozzles with dl.f"erent area6 were investigated; 
they are refemed t o  in table I ae emall, etandard, and large nozzlee. 
The nozzles beoe?ne eroded aad warped d u r a  runs and the nozzle areas 
were dmnged as f o l l m :  the amall nozzle, from 101.9 t o  97.7 
inuhes; the s w a r d  nozzle, from 106.8 t o  108 square inohem; and the 
large nozzle, f r o g n  1 2 1 t o  119.9 square inches. 
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Five different turbine wheels were used. The initial runs of 
the engine in the standard conf'iguration w i t h  the low-flow ccunpres- 
sor were made with & turbine ham oast buckete; t h i s  wheeluae 
limited in speed t o  6650 because of a weak turbine disk. This 
turbine wheel was replaced by a similar wheel fitted with =st 
buckets, but  the  disk was strengthened and the ra ted engine speed 
of 7600 rpm could be reached. Two of the turbine blades developed 
cracks new the  roots after 20 houre of operation and the wheel was 
removed. A turbine wheel with forged blades was then installed an8 
t es t s  were continned f o r  approximately 46 hours before madks in 
four of the  turbine blades ne= the root  necessitated the  removal 
of the wheel. Another turbine wheel w i t h  forged blades wss then 
installed and was removed after approximately 1 2  houre of operatim 
because the radial clearance between the turbine shroud ring seb 
the  outer raoe was exoessive. A forged wheel af the earne oonstruo- 
t ion having the proper  clearance was then used for % hours without 
failure.  

1 

Four tail p i p e  Were used dm- the tests, 88 h d i o a h d  in 
table I. The tail pipe  supplied with the original engine failed 
af te r  6 hours of operation. The inner cme oollapeed and the outer 
shel l  was severely warped over almost Ate evntire l-. A tail 
pipe the same a8 the f i r a t  wets then installed and wae removed after 
% hours of operation as the r eeu l t  of a part ia l   fa i lure   e imihr  t o  
that of the first. The inner oone of the thfrd tail pipe was 
reinforced and vented in order t o  equalize more rapidly  the preeeure 
on the  inner and outer eurfacee of the tail oone and the outer 8hell 
was strengthened. Operatian of the engine for 54 hours caused the 
outer  shell of the tail pipe directly behind the turbine to warp and 
buckle slightly. The fourth tail pipe  investigated was identioal in 
construction t o  the third; however, straightening vanes were  added 
in an attempt t o  renow the swirl Frcm the gams leavlng the turbine 
wheel. After 30 hours of testing, the straightening vane8 w e r e  
warped and the  outer shell of the tail pipe directly behind the 
turbine outlet was warped in the erne manner as  the third tail pipe. 

J e t  nozzle6 with  clrcular-outlet diameters of lQ,  l%, 18, and 

1 

1 3  

1% inches were investigated. A special recterngular nozzle with et 
variable ou t l e t  area was also  constructed f o r  same of t h e  runs. 
(See fig. 5. ) The outlet area of t h i s  nozzle wae varied by two 
compreesed-air pietons  operating hinged door8 that formsd t h e  s i d e s  
of the nozzle. The nozzle could be used in only two positiQne, open 

1 
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and closed. In the closed position,  the area of the 15- by *inch 
rectangular  outlet -8 equivalent t o   t ha t  of a 17~inch-diameter 
circular jet nozzle; with the door8 open, the area was equivalent to 
that  of a Zlrinch-diameter  ciroular  Jet nozzle. 

3 
1 

-I 

1 

Three t y p e  of spark plug were ueed on the englne during the 
investigation. The  two original epark  plugs US& with the law-flaw 
campressor had two electrodes that protruded into the coanbwtiosl 
chamber with a spark gap of about 0.60 inch. When the high-flow 
oompressor was inetalled, thew spark plugs were replaced by two 
spark plugs designed t o  make it possible to  et&  the engine a t  
higher a l t i tudes  than  before. The two new spark  plugs had the same 
spark gap and were similar in d e s i g n  to the origlnal type of epark 
plug  exoept that pravlsim was made t o  discharge a J e t  of oxygen throw the core of w e  spark plug into the zona of the epark (con- 
figurations 6 and 7 ) .  Oxygen was supplied fran a bottle in the 

oontml roan through a r i n c h  tube and the oxygen flaw waa manually 
controlled during the  starte. One of the oxygen spark  plugs wa6 
later replaced by a spark plug connected t o  a  traneformer  having a 
higher voltage tban the m e  previously used (configurations 8 t o  13). 
The high-voltage spark  plug had heavier  electrodes  than  the  original 
type epark p l w  and the spark gap was approximately 0.120 inch. 

1 

When the high-flaw compressor wae installed in  the engine, the 
o r i g h a l  fuel regulator vets replaced w i t h  a modified regulator. The 
modified regulator used the ccmpreeeor-outlet static preesure as a 
reference pressure for the  barmetrio bellaw6. Thie regulator waB 
also.  set 80 that the rate of increase in fuel flow when a rapid 
acceleratim was made would not be great enough to overheat the 
anglne. 

Law-flaw compreesar. - The initial run8 with the low-flaw 
compressor (configurations 1 t o  5, table I) indicated that the engine 
could be operated at rated speed without serious combuetion-ember 
temperature unbalance at pressure  altitude8 up t o  50,000 feet. The 
minimum operating speed without ram varied froan 2000 rpm at a pres- 
sure  altitude of 5000 f ee t   t o  4000 rpm at 40,000 feet. (See f ig .  6 . )  
The minimum speed a t  50,OOO feet w a s  not determined. Without ram at 
5000 fee t  the engine could be id led  belm 2000 rpm; however, the 
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temperature  distribution  between  the combustim chambers was unbal- 
anced,  the  tail-pipe  temperatures  were  high, and acceleration was 
sluggish.  Below 2000 rpm the engine could be acaelerated only by 
exceeding  the  tail-plpe  temperature  limit  of W O O  F for acoelera- 
tim. 

The engine could  be  operated  at  slightly  less  than 4000 rpm at 
40,000 feet,  but  idling  the englne at so low a speed  necess.itated 
closing  the  throttle  in  very -11 increments in order to decrease 
the  fuel  pressure only 1 or 2 pounds per square  inoh  at any one time. 
At an engine  speed of 4000 rpm  the  tail-pipe  temperature wa8 approx- 
imately 400° F, at  which  point a sudden  decrease in Fuel flow caused 
combustion to cease. 

Increashg t h e  ram pressure  ratio  at  the  englne  inlet  resulted 
in a higher  minimum  operating  speed  &t  all  altitudes. (See f%. 6.) 
At  high  altitudes  with  ram,  tempersturea a s  low as 275O to 350 F 
were  measured in the  tail  pipe  at t h e  minimum speed just before 
combustion  failure. 

Combustion was stable  except  when  the  engine was operating 
near  the  minimum  speed  above 20,000 feet. Slow deceleratim of the  
engine was required  near  the minimum operable  speeds because rapid 
deceleration in the  lar-speed  rsnge  often  caused  several  or all of 
the  combustion  chambers to blow  out.  Usually a lower operating 
epeed could be reached  with a very slaw deceleration  than with a 
rapid  deceleration. 

High-flaw compressor. - In several runs with  the  high-flaw 
compressor  (configurations 6 to 8, 10 and ll), the maximun engine 
speed was limited  by  combustion  blow-out,  high  tail-pipe  temperature, 
and  compressor stall, ae shown in figure 7. Configurations 6 and 7 
were  investigated  at 811 indicated  airspeed  between 200 and 300 miles 
per  hour and cmfiguratim 8 was investigated  at  static  conditions. 
At  pressure  altitude6  below 20 000 feet, slow aoceleration of the 
engine  to full speed  (7600 rpmj was possible  without  encountering 
combustion  blow-out.  At  pressure  altitudes of 30,000 and 40,000 feet, 
the maximum engine  speed  wlth  configurations 6 to 8 was limited by 
combustion  blow-out  between  7300  and 7500 rpm during normal accelera- 
tions. In order to reach  full  speed  at  these high altitudes,  it was 
necessary to accelerate  the engine very slowly above 7000 rpm. 

When cambustian  blow-out o c c ~ e d ,  a yellow flame about 5 feet 
1- shot  out of the jet nozzle for a few secmds, the epeed. 
began to  decrease,  the  tail-pipe  temperatures began to rise  rapidly, 
and combuetian  suddenly  ceased.  Combustion  blow-out was encountered 
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a t  pressure altitudes of 30,000 and 40,000 feet, indicated air- 
epeede from 0 t o  300 milee per hour, compressor-inlet tempmttmes 
from -15' t o  -30' F, and e ~ f n e  Speed6 fKHn 7300 t o  7500 

A t  a pressure a l t i t ude  of 40,000 feet w i t h  an indiosted air- 
speed of 250 miles per  hour and a cmpressor-inl&  temperature of 
-40° $, combuetfm blow-out was encountered at an englne speed of 
approximately 7400 rpm when the engine was 8 lOWQ aocelerated. The 
combustion  chambers  were allowed t o  blow out  several time8 a t  about 
7400 rpm, and each time they could be relighted by turning cm the 
iguition at engine epeede  between 6500 and 7000 rpm. In order t o  
determine whether the spark p l w  wae relighting  the chambers o r  
whether some burn- continued when the engine speed began t o  
decreaee, the  ignition wae not immediately turned on in one case 
after the cxunbu8ticm chamber8 blew out. The engine speed then 
continued t o  fa l l  below 6000 rpm; at  4000 r p  the i g n i t b n  waa 
turned on, but the cambustion ohambers would not relight at th i s  
or  lower speeds  while the rotor wae coaeting. 

After the ohange f m  type B t o  type C ccanbuetion ohamber 
(oonflguration 9), f u l l  speed oould be reached a t  a pressure alt i-  
tude of 30,000 feet and an indicated  airspeed of 400 milee per hour. 
The aaly attempt t o  aocelerate the engine t o  f u l l  speed w i t h  con- 
figuration 9 was made at  thie  altitude; when the engine speed 
reached 7600 rpm, the  tail-pipe temperature euddently increased and 
resched a peak of  1650° F before the engine a p e d  could be reduced. 
A t  6200 rpm, the  tail-pipe temperatures wried froan 1250° t o  
1300° F. An immediate inspection of the engine  revealed that eev- 
era1 of the transition  sectione between the rear of the  canbustian 
chambers and the turbine nozzle8 had fail& and choked off part of 
the area. (See f ig .  8.) Them %ramition secticme w e r e  changed 
several tines because they were continually  collapaing and 'break- 
o f f .  After eeveral  failures they were  tack-welded t o  the turbine 
nozzle and th ie  prooedure kept them I n t a 0 - b  for the rest of the rune. 
An inspection  later  disclosed that the tranaitlon  sectione installed 
while the ompressor  W ~ B  being ohanged were slightly larger than the 
original ones and had no clearance between them for expansion. 

Replaoing the etsndard  turbine nozzlee with the mall nozzlee 
(configuration 10) reeulted  in muoh poorer performance of the engine. 
Statio  teste were made with thie  configuration a t  preseure alt i tudes 
from 1500 t o  37,500 feet  . Combuetian  blow-out was not encountered 
but, when the maximwm epeed a t  which the engine would operate was 
reached (fig. 7 ) ,  fuel  began t o  burn in the t a i l  pipe, the 
oanpreesor-outlet e ta t ic  pressure dropped about 25 percent, the air- 
flow ra te  fe l l  markedly, the engine epeed decreaeed  about 500 rpm, 
and the  tail-pipe temperatures rapidly Inoreaeed.  Apparently the 
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compressor blades were s ta l l ing as a resul t  of excessive  chokirq in 
the amall turbine nozzles used in ccafiguratian 10. This  oondition 
limited the mRxl.mum =@ne speed t o  approximately 6300 rpm at a pres- 
sure al t i tude of 1500 fee t  and approximately 4400 rpm a t  a pressure 
alt i tude of 37,500 feet .  When an engine speed of 6300 r p m  wa8 
reached at a pressure  altitude of EO0 feet ,  a single burst of yellow 
flame about 10 feet long was emitted at the t a i l p i p e  and waa fo l -  
lowed by several rapid bursts of a puleating yellow flame about 
10 fee t  lmg, which cmtinued until the thro t t le  waa retarded. Oper- 
ation of the engine a t  40,000 fee t  wlth this oonf'iguration was 
impossible owing t o  excessively  high  tail-pipe  temperatures. 

Replacement of the mall turbine nozzles wlth  the large nozzles 
(canfiguration 11) made possible  operation of the engine at higher 
speeds. (See f ig .  7 . )  Static teeter were d e  with thts configura- 
tion a t  pressure alt i tudes f r o m  5000 t o  40,000 feet .  The maximum 
speed of the  engine w i t h  thie  configuration was limited by high tail- 
pipe tap3ratures  result ing from excessilve fuel flow. The maximum 
ensine speed a t  5000 fee t  was 6500 rpm, wlth tail-pipe  temperatures 
between 1150° and 1300' F. A maximum engine speed of 7000 rpm was 
reached a t  40,000 feet  with a ta i l -p ipe  temperature of 130O0 F. 
Slow acceleration t o  the maximum engine speed was required in order 
t o  avoid blow-out of the cabustion  &mibere. Canbustion blow-out 
was encountered a t  5400 rpm w i t h  a pressure alt i tude of 30,000 fee t  
and a t  6400 rpm with 8 preseure alt i tude of 40,OOO fee t  durirq 
rapid  accelerations. 

Replacing the 18-inoh-diameter Jet nozzle w i t h  a 1 9 i n G h -  
1 

diameter nozzle and replacing the turbine wheel having excessive 
radial  clearance w i t h  one having proper radial clearsnce (oonfig- 
urations 12 and 13) made poosibb operation of the engine st full 
speed .  (See f ig .  7 . )  Configuration 12 was investigated at indiated 
airspeeds from 250 t o  300 milee per hour and configuratfon 13 was 
investigated a t   s t a t i c  conditions. Both canfiguratiane were Investi- 
gated  over a range of pressure  altitudes fram 5000 t o  40,000 feet .  
With these  omfiguratione,'the  tail-Qipe temperature a t   f u l l  speed 
was between 10000 and 11000 F a t   a l l   a l t i t u d e s .  

Distributian of Temperatures a t  Turbine Outlet 

The temperatures measured behind each canbustion chaniber at 
the  turbine ou t l e t  were very  well balanced for both  type A and type B 
combustion  chambers; usually they did not vary more than SO0 F at any 
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englne speed or altitude. Operation  with the type C cambustion 
chanber resul ted in an unbalanced  tem-perature dietribution among 
the chambers. This unbalance may have been  caused by a se t  of 
unmatched fuel  nozzles. With the type C combustion chamber, the 
difference between the  highest and lowest  temperature8 measured a t  
the  turbine  outlet was usual ly  100' t o  200' F a t  any englne speed 
and a t   a l l   a l t i t u d e s .  Replacement of the  type B oanbuetion chamber 
f o r  I" w i t h  oonfiguratians 12 and 13 resulted in  one chamber 
running hotter and one running cooler  than  the  others. The temper- 
atures of the  other combustion Ohamber8  were well-balanced. 

Acoeleratian 

Law-flow oompreseor. - With the low-flow  ccmpreseor (conf'ig- 
uratians 1 and 5) a t  pressure altitudee f r o a n  5000 t o  25,000 f ee t  
and temperatures frcm 29O t o  -41° F, the englne was started and 
aocelerated t o  a noma1 operating speed. The time required t o  
start the engine frcan a w i n d m i l l i n g  speed of approrimately 500 rpm 
and accelerate t o  4000 rpm inoreased from 47 eecande a t  5000 fee t  
t o  72 secande at.25,000 feet .  (See fig. 9.) The time required t o  
accelerate from 3000 t o  SOW rpm iacreaeed from 13 seconds a t  
5000 f ee t   t o  44 eeomds at  30,000 feet  (fig. 10). Between 12 and 
18 seconds were required to  ignite  the  ombustian chambers a t   a l l  
altitudes. The increase in aooeleration time with altitude  resulted 
from the deoreaeed amelersting foroe exerted on the turbine blades 
by the  lm-deneity gaaee a t  high  altitude. The results of experi- 
mental and calculated  data t o  determine the  ra t io  of the  time t o  
aocelerate a t   a l t i tude   to   the  time t o  accelerate a t  sea level are 
ahawn in figure 11. In order t o  determine the  calculated  curve,  the 
aeeumptian u&s made that the  turbine-inlet temperature was the same 
at a l l   a l t i t udes  awing acceleration. The r a t io  of tW t o  aoael-  
erate at  a l t i tude  to  time to  accelerate at  aea level was then faubd 
t o  be Inversely  proportioaal t o  the r a t io  of the  reepective  de~mlties 
of the  inlet   a i r .  

CareFul handling of the  throttle was required when starting the 
engine or  when aooelerating from low engine  speeds. The th ro t t le  
had t o  be opened slcmly t o  hold the  tail-pipe temperature below the 
limit of 1500' F. Acosleration fram i d l i n g  speed required more 
careful  manipulatim of the  thrott le  at  high a l t i k d e s  than a t  low 
alt i tudes because of hi@ tail-pipe temperature~l and canpressor 
surge. 

In aoceleratian  testa with  the law-flow oompressor a t  a pres- 
sure alt i tude of 20,000 feet  (c&iguraticm I), a v io lent  surge of 
the canpressor was encountered d u r i n g  a rapid acceleration. The 
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engine stopged accelerating et approximately 5300 rprn, a violent 
pulsation was se t  up in the engine, and a yellow flame about 10 fee t  
long was usually emitted at  the tail pipe. The fuel flow rapidly 
increased and rapid fluctuation of campressor-outlet and tail-pipe 
pressures occurred. The tail-pipe temperature rapidly  increased and 
further  acceleration was impossible. In order t o  recover fraan the 
compressor surge, deceleration t o  5000 rpm or lower was neoessary. 
When the  tail-pipe temperature was maintained below 1200' F durhg  
acceleration at a pressure a l t i t ude  of 20,000 feet, no ~ o l l l p r e ~ ~ ~ r  
surge was encountered. 

Compressor surge was also enootmtered during rapid  accelera- 
tfms at  pressure altitudes of 30,000 and 40,000 feet. During 
accelerations a t  40,000 fee t  w i t h  tail-pipe  temperatwee  slightly 
below 1200° F, the campressor surge occurred an three oocasione. 
The first tlme, the engine speed was reduced t o  4800 rpn, lprom which 
speed the englne could be accelerated more slowly through the crlt- 
i c a l  range. The second and third times, the cunpreesor surge 
encountered was more violent and resulted in blow-out of several 
cabustian chambers. A6 s m n  as same of the canbustian ohambers 
blew out, the temperature in the' bil pipe behind the chambers 
that remained light& began t o  rise rapldly, but the chambers did 
not  cross-ignite nor would the igoiticn relight than. Inaamuch 8s 
the  tail-pipe temperatures were.becaaning excessive and the engine 
speed continued t o  decrease,  operation of the engine had t o  be 
disccmtinued. 

H i a - f l a r  compressor. - Acceleratim  oharacteristics with the 
high-f low compreseor (configurations 6 t o  8) w e r e  poorer than with 

erations could be made with cmf'iguratiom 6 t o  8 without encounter- 
the l ~ - f l o W  Capr888Or (CCa3figUratiCElS 1 to 5). Mu slow acoel- 

b g  Cabustion  blm-out. 

The installation of the small turbine nozzle (ccmt'iguration IO) 
resulted in much poorer acceleration  charaoteristlcs  than with ccn- 
figurations 6 t o  8. Attempts to  accelerate rapidly resulted in an 
increase in enghe speed of anly 200 t o  600 rpm before the compressor 
stalled. When the cangressor stalled, the  tail-pipe temperature rose 
rapidly and a yellow flame.w'ae usually  emitted at  the tail pipe;  the 
flame turned t o  a blue haze and did not  disappear unt i l   the   throt t le  
was retarded. When an attempt m e  made to  accelerate  rapidly earn 
approximately 3000 rpm at a pressure alt i tude of 10,000 feet, the 
ccenpressor stalled and EL yellow flame fringed w i t h  a blue haze shot 
from 6 t o  8 f ee t  out of the tail pipe for several 8econds. 
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Neither  burning in the t a i l  pipe nor ccanbustim blow-out 
occurred during accelerations a t  pressure  altitudes of 5000, 10,000, 
and 20,000 feet  in runs with the large  turbine nozzles and the 
18-inch-diameter Jet  nozzle (confSguration 11). The combustion 
chambers blew out at 5400 rpm with a pressure alt i tude of 30,000 feet  
am3 a t  6400 rpm with a  pressure alt i tude of 40,000 fee t  during  rapid 
accelerations. Combustion campletely ceased in both  casea and the 
chambers w e r e  not immediately relighted. 

Starting and acceleration  tests were made with the  laree  tur- 
bine nozzles and a lvinch-diameter Jet nozzle (configuration 13) 
a t  pressure alt i tudes from 5000 t o  40,000 feet  and inlet  tempera- 
tures frm 25O t o  -34' F. Combustion blar-out w w  not enuountered 
below a pressure alt i tude of 20,000 feet  dur- rapid  accelerations. 
The revised fuel regulator contained  a restricting  orifice that 
limited the  ra te   a t  which the fuel flw could be inoreased. During 
accelerations a ta i l -pipe temperature of 1500O F could be main- 
tained until the engine speed reauhed approximately 5500 rpm. Warn 
this point the fuel regulator  controlled  the rate a t  which the fuel 
flow was  changed t o  suuh an ex%ent a t  the acceleration f'rom 6000 
t o  7000 rpm with the throt t le  wide  open  was anly frm one-third t o  
me-half a8 fast a8 the  acceleration frm 5000 t o  6000 rpm. Thie 
restricting  orifice vas respansible f o r  a greater  acoelerating time 
from 6000 t o  7000 rpm than would nomally be encountered. (See 
figs.  12 and 13.) The variation in the two aoceleretian  curves at  
a pressure alt i tude of 5000 feet   ie  at tr ibuted t o  an excess of fuel  
sprayed into the burners  during the run repreeented by the upper 
curve. The excesa of f u e l  caused very high tail-pipe  temperatures 
and considerable  burning of fuel  in and behind the tail pipe, which 
resulted in a slower acceleration below 3000 rpm. 

1 

In one run a t  a pressure alt i tude of 20,000 fee t  during a 
rapid  acceleration frm 3000 t o  7000 rpm, 048 ombustion chamber 
blew out a t  4000 rpsl and relighted between 5500 and 6000 rpm. The 
engine continued t o  accelerate  while  the chamber ua6 out, but  the 
acceleration time was p e a t #  than when a l l  the chambers were 
lighted. I>uring three rapid accelerations from 3000 rpm a t  a  pree- 
sure alt i tude of 30,000 feet,  several cambustion ohambers blew out 
between 4000 and 5000 rpm and the engine speed began t o  deoreaee. 
The th ro t t le  WELEI retarded and the chambers were relighted by mesne 
of the cross-fire tubes. A l l  the oarnbustion ohamber8 blew out at 
6300 rpm a t  a pressure alt i tude of 40,000 feet  during a rapid  accel- 
eratlon f r c a n  4000 rpm. 

Acceleration tests were made at pressure a l t i tudes  of 30,000 
and 40,000 feet with the engine operating on 62-0Ctane unleaded 
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gasoline. Durhg two rapid accelerations from 3000 r p m  a t  a pres- 
sure alt i tude of 30,000 feet,  several combustion  chambers blew out, 
which  caused the  engine speed t o  decrease suddenly. The throt t le  
was retarded and the ambustion chembers  were relighted by mems of 
the  cross-fire tubes. &ring a rapid acceleration from 4000 rpm a t  
a  pressure alt i tude of 40,000 fee t ,   a l l   the  ccuubustian  chambers blew 
out a t  4200 rpm. The acceleration  characteristios of the engine 
were about the 88me with  gasoline as  they were with  kerosene. 

Variable-area j e t  nozzle. - Because acceleration of the engine 
was relatively slaw, investigation8 were  conducted with the high-flaw 
compressor a t  pressure alt i tudes of 5000, lO,OOO, 20,000, 30,000, and 
40,000 fee t  using a  variable-area Jet  nozzle (cmf'iguratim 8). 
Theae lnvestigatims were made t o  determine the rate and extent of 
increase in thrust when the exit  area w a s  suddenly reduoed. (See 
table 11.) With the engine oper&ting on the governor  cctntrol at 
7600 rpm, a sudden reductlm in the  nozzle  area *can 137 percent 
normal area t o  normal area resulted in an immediate increase in 
thrust of 37 t o  47 percent and a  decrease In engine speed of 100 t o  
200 rpm. If the governor control had held  the engine speed constant, 
the increase in khrust would have  been approximately 50 t o  60 percent. 
A t  pressure  altitudes up t o  20,000 l ee t  the engine speed was controlled 
by the governor a t  7600 rpm, but above a pressure alt i tude of 
20,000 feet  the engine was operating cn the  fuel-regulator  control 
a t  full speed. When the engine speed was set at  7600 rpnn with  the 
engine  operating on the fuel-regulator  control,  a suaden reduotion 
of the  jet-nozzle m a  resulted in an increase in thrust, during 
which time the engine s p e d  was decreasing. The engine speed finally 
stabilized at  approximately 6800 r p m  with a total increase in thrust 
of about 10 to 15 percent. In order t o  maintain constant engine 
speed wi$h the engine operating on the  fuel-regulator  control  the 
throt t le  had t o  be advanced when the jet-nozzle area was reduoed. 

Starting 

The easiest method of s t a r t i n g  the engine from res t  was t o  
apply  the s tar ter ,  then t o  open the throt t le  about halfway and turn 
on the  ignition as soon as the  control o i l  pressure of the  fuel 
regulator had reached  appraxfmately 90 pounds per  square  inch. The 
small-slot fuel pressure reached about 80 or 90 pounds per  square 
inch by the time the  starter had cranked the  engine t o  900 rp. As 
soon as the  burners lighted, the mall-s lot  fuel pressure was 
reduced t o  40 or 50 pounds per  square  inch by partly closing the 
throt t le  and the  ignl t im wae turned off. The s ta r te r  was l e f t  
engaged until an englne speed of 2000 rpm was reached in order t o  
help  the  engine  accelerate more rapidly. By t h i s  procedure, tail- 
pipe  temperatures could be maintained below 1 3 0 0 O  F during  the s t a r t  
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provided that the  fuel  ignited as soon 88 the small-slot fuel pree- 
sure had reached 80 or 90 pounds per square  inch. If the fuel did  
not  ignite, the cambustian chambere  and tall pipe became loaded 
with f u e l .  When the f u e l  then  ignited, a yellow flame 10 t o  l5 feet 
1- burned out of the tail p ipe  and gradua l ly  dieappeared as the 
engine speed was increaeed. With the engine being turned by the 
starter,  a amall-slot fuel pressure of approximately 120 pounds per 
square inch could be obtained by completely opening the  thrott le,  
but  starting  the engine a t   t h i e  hi& f u e l  pressure resu l ted  in tail- 
pipe  temperatures of 1400° t o  1700° F when the canbustion chambere 
lighted. 

Original ippition system. - I>urhg the runs with the original 
spark plugs on the engine, no difficulty was ancountered in etarting 
the engine fran rest or frm a low -11- eped at pressure 
altitudes below 20,000 feet .  The engine was started at  a preseure 
alt i tude of 25,000 feet with  considerable burning in and behlnd the 
tai l  pipe and with high tall-pipe temperatures. 

" 

No s u c ~ e s f u l  starts w e r e  made at  a pressure a l t i t u d e  of 
30,000 fee t  with the origlnal epark  plugs and ignit'icm system. On 
several attempts t o   e t a r t  a t  thie a l t i t u d e  without ram, the canbus- 
tion chambers had t o  be loaded w i t h  fuel a t  about 800 rpan before 
they would light and then me of the top chambere diB not light. 
Inspection of the engine revealed that  this  cmbustion chamber 
fa i led   to  light becauee the cross-fire tubes had shiFted out of 
position. When the combustion  chambers lighted a t  30,000 feet, a 
yellow flame 10 fee t  long wae emltted f'rcan the tall pipe. With 
seven chambere l igh ted  and the   s tar ter  engaged, the engine speed 
could not be raised above 2200 rpm and disengaging the starter 
caused the engine meed t o  dearease slowly. A n  attempt was made 
for 5 m i n u t e s  t o   r a i se  the speed above 2200 rpm. Operation of the 
englne m e  then  discontinued beC8KSe the tail-pipe temperatures 
were between 120O0 and 150O0 F. 

Star te  at pressure altitudes of 20,000 and 25,000 fee t  a t  any 
ram pressure were a lso  accmpanled by a yellow flame. When the 
engine speed had been increased t o  between 2000 and 2500 rpn, the 
flame withdrew into  the combuetion  dharubers. The engine could not 
be started with the lar-flaw oompressor and original  ignit im sys- 

could not be ignited a t  a pressure alt i tude of 32,000 f ee t  or in  
several of the  attempts made a t  30,000 feet .  

tem at any alt i tude when wlndmilling above 1600 rpm. The fuel 

Oxygen  spark plug. - After installation of the spark plug8 i n  
which a Jet  of oxygen wae disaharged into  the zone of the spark, 
one s t a r t  was made a t  a pressure alt i tude of 37,000 feet  from a 
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windmilling speed of 800 rpm; the compressor-inlet  temperature w88 
-40° F and the Indicated airspeed vas 140 miles-per hour. Engaging 
the   s tar ter  increased the engine speed t o  approximately 1250,rpm 
and the fuel was iepited a t  a mall-slot  fuel pressure of 100 pounds 
per  square  inch. A yellow flame  about 30 fee t  l m g  was emitted fram 
the tail pipe,  but the  turbine-outlet  tvperatures were less than 
looo F and the  tail-pipe temperature approximately 4 feet behind the 
turbine was only about 100° F. Fuel was burning in  the jet nozzle 
and behind the  nozzle fn the air stream. When the mal l - s lo t  fue l  
pressure was reduced t o  about 50 or 60 pounds per  square  inch, the 
combustion chmbera  lighted one a t  a time. When the engine speed 
had increased t o  1700 rpm a l l  the combustion  chambers..were lighted 
and a blue flame about 10 fee t  long was st i l l  burning  out of the 
tail pipe. The flame disappeared into  the t a i l  pipe a t  3000 rpm, 
the stqter was disengaged, and acceleration w a s  normal. The char- 
acteristics of this start were typical of all s t a r t s  made above a 
pressure  altitude of 30,000 feet. 

The engine w a s  started several  times between pressure  altitudes 
of 20, OOC and 30,000 feet with  the starter and the oxygen j e t  in use. 
Ihring each of theee starts, a flame was emitted a t  the t a i l  pipe 
until the.engine a p e d  exceeded 2000 rpm. 

Oxygen spark plw and h€&-voltaRe spark p l w .  - With one spark 
plug  using an oxygen Jet  and m e  spark plug connected to a high- 
voltage transformer, the fuel yas ignlted Beveral times a t  a pres- 
sure alt i tude of 40,000 feet both with and without ram. Wing the 
starts without ram, a flame  about 15 feet long extended frm the 
tail pipe and the combustion chambers win fa i l ed   t o  light un t i l  
the fuel had iepited in the tail pipe and was burning in the air 
stream. The mall-slot  fuel pressure was reduced t o  about 50 pounds 
per  square inch before the  flame withdrew into the combustion 
chambers. In several starts without ram a t  a presaure al t i tuae of 
40,000 feet,  the maximum engine speed obtainable was between 1500 
and 1800 rpm with a l l  the combustion chambers lighted and the starter 
engaged. A t  these engine sgeede, the m8ximm turbine-outlet t q e r -  
ature waa approximately 1800' F and operation of the engine had t o  
be discontinued. 

In one start at a pressure  altitude of 40,000 feet with a 
pressure of 30 pounds per  square  inch in the oxygen line t o  one 
spmk plug, the   fuel  was ignited at an engine speed  of 1000 rpm. 
Approximately 4 minutes from the time the  attempt t o  start was begun, 
the engine speed had increased t o  4000 rpm. Wing acceleration of 
the engine the temperatures about 4 feet behind the turbine were  
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higher  than  the  temperatures  at t he  turbine  outlet  and a flame was 
burning  out of the  tail  pipe.  Several  attempts  to  start  at  pressure 
altitudes from 40,000 feet  were  made,  but  the f u e l  could  not  be 
ignited. 

A series of windmilling starting runs were  conducted  with 
the two types of spark plug  (canfiguration 12) in d e r  to deter- 
m i n e  the maximum windmilling speed  at  which  the engine would start;. 
During one attempt to start the engine at a windmilling speed of 
2050 rpm and a pressure  altitude of 40,000 feet, a blue flame mcp1~6n- 

tarily  shot  out of the  tail  pipe,  but  the fuel would  not  reiepite. 
At a wlndmilling epsed of 1600 rpm at a presaure  altitude of 
40,000 feet,  the engine was started and accelerated  with  the  aid of 
the  starter. The maximum wfndmilling speed  at which the  engine 
could  be s t a r t e d . a t  a preseure altitude of 30,000 feet wae 200 rpan. 
Daring two windmilling  starts at a pressure altitude of 20,000 feet 
and an engine speed of 2800 rpm, a blue  flame  shot  out of the  tail 
pipe  at  almost  explosive  velocity  and  the engine speed  increased 
from 2800 to 4000 r p m  in approximately 1 o r  2 seconds. The max,hum 
tail-pipe  temperature  indicated  during  these  starts was approx- 
imately 450’ F. 

A dunnary of the  condi-bians at which  windmillin&  starts were 
attempted  is  given tn table I11 and the maximum wtndmilling  speeds 
and true airspeeds  at  whioh the engine could  be  started at each 
altitude are  shown in fl@res 14 and 15. -4cceleration of the  an&ine 
was more rapid  in start8 at high  airspeeds. 

Operation of Fuel-Control  System 

Original  fuel  regulator. - Trouble wae encountered in obtain- 
lng sufficient  fuel flaw through  the  origlnal  regulator,  used  wlth 
conPiguratlans 1 to 5, to  operate the engine at full epeed. The 
regulator  had  been set  for f u l l  speed at  sea level but,  in  order 
to obtain  full  speed  at  altitude, a pressure of 5 to 43 inches of 
mercury above tunnel  static preseure -8 required an the  atmospherlc 
side of the bellows in the  barometric  control. 

When the  throttle waa opened or  cloeed  during an acceleration 
or  deceleration, a lag in  the  controls  occurred  between 6000 and 
7000 rpm during  whioh a movement of the  throttle  did  not  change  the 
speeds. During acceleratlm  the  lag occurred  between  the  pointe at 
which the f u e l  regulator no longer had oontrol  and at which  the 
speed  governor  took over the  control. The total  throttle  travel was 
120’; when  the  transition f’rcpn fuel regulator to governor control 
occurred, no change in e@ne speed resulted fran mOVement of the 
throttle  between  the 60° and 90° positians. 
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When the speed governor  took  over the  cmtrpl,  a sudden surge 
of the  fuel  pressure and fuel  flaw occurred. A rapid change in  
speed while the engine was operating on the governor caused the fuel 
pressure and fue l  flaw t o  change with  a surge instead of smoothly as  
they d id  when the engine was operating on the  fuel  regulator. When 
the  fuel  regulator had control,  the small-slot fue l  pressure did not 
fluctuate; however,  when the  gomrnor  controlled  the  fuel flow, the 
needle on the  mall-slot  fuel-pressure gage oscillated rapidly over 
a  ranse of 8 to 10 pounds per  square  inch. 

When the engine operation was controlled by the fuel regulator, 
tfie alt i tude compeneator allowed the engine speed t o  increase 
sl ightly as the  altitude was increased and the rate of increase in 
engine speed became greater a t  high  altitudes. The engine speed 
increased from 5000 to 5200 rpm with  a change in pressure alt i tude 
from 10,000 t o  20,000 feet, frcm 5200 t o  5500 rpm with  a change in 
pressure alt i tude from 20,000 t o  30,000 feet ,  and from 6100 t o  
6900 rpm with a change in pressure alt i tude f r o m  38,000 t o  
50,000 feet. 

Hodified fuel  regulator. - The modified f u e l  regulator, whiah 
replacad t3e original  fuel  regulator when the high-flow compressor 
wag installed in the engine, so restricted  the  fuel flow during 
acceleration  that above 6000 rpm acceleration was very slow 
(figs. 12 and 13). The original  fuel  regulator  controlled  the fuel 
flow up t o  an engine sped of approximately 6800 rpm where the 
variable-sy)eed  governor began t o  control  the  fuel flow. The m o d i -  
fied  regulator, however, controlled  the  fuel flow up t o  an engine 
s p e d  of about 7000 rpn a t  a pressure alt i tude of SO00 feet .  Wlth 
the m o d i f i e d  fuel  regulator an increase i n  altitude  resulted in an 
increase  in  the engine s p e d   a t  w h i c k  the governor took control of 
the  fuel flaw. A t  pressure alt i tudes above 20,000 feet   the revised 
fuel  regulator  controlled  the  fuel flaw up to 7600 rpm. The maxi- 
muq amall-slot fuel  pressure  obtainable when starting was 90 pounds 
per  square  inch with the modified fuel regulator as c m p r e d  with 
120 pounds per  square  inch  with  t3e orighal-fuel  regulator. 

Bearing Cooling 

During runs with  the low-f low compressor (configurations 1 
t o  5), the  bearings did not cool properly a t  engine  speeds higher 
than 7000 rpm above a pressure alt i tude of 30,000,feet. At 7600 rpm 
above a  pressure alt i tude of‘ 30,000 feet,  the  temperatures of the 
m i d  bearing  (bearing 2) and the  rear  bearing (bear- 4) did not 
stabil ize but were permitted t o  r i se   un t i l  a temperature between 
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30O0 and 340° P was reached;  then the engine speed was reduced in  
order t o  allow the  bearings t o  cool. The maximum allowable  bear- 
ing temperature was 350° F and extended operation with bearing tem- 
peratures above 30O0 F W&E not  advisable. 

The bearing cooling wae worm with the high-flaw compressor 
(configurations 6 t o  13) than  wlth the low-flow canpressor. With 
the high-flow compressor the engine oould not be operated above 
7000 rpm for more than 10 or 15 minutes before the temperatures of 
the mid bearing and the rear bearing reached 320° t o  340° E' and 
they were st i l l  increaeing a t  the rate of 2 O  t o  4O per minute. 

Failure of the bearings to cool  properly a t  high pressure 
altitudes and high en&ine speeds was a t t r ibu ted  not only t o  the 
reduced density of the air at  high alt i tude b u t  also t o  the fact 
that at high engine speeds the bearing oooling-air flow decreased 
wlth inoreasfag engine speed. Representative d a t a  ehming  the 
cconparison of bearing  cooling-air flow with the low-flow and high- 
flow compressors a t  a pressure  altitude of 30,000 fee t  a r e  pre- 
sented in figure 16. "he decrease in bearing  cooling-air flow a t  
hlgh engine speeds wae  more rapid with the high-flaw compressor , 

than w i t h  the law-flow canpressor. A t  maximum engine epeed the 
hl@-flaw empressor  delivered from 15 t o  25 percent less cooling 
alr t o  the bearjnge a t  a l l  a l t i t udes  than the law-flow compressor. 

The decrease in bearing cooling-air flow at high engine speeds 
was attributed t o  a omresponding  decrease in the ccmpressor 
fourth-stage s t a t i c  pressure,  the stage frm which the  coollng air  
was bled. A comparison of the fourth-stage s ta t ic  pressures of the 
law-flow and high-flaw compressors a t  a pressure alt i tude of 
30,000 feet is shown in figure 17. 

The temperature r i s e  between the compressor inlet  and the 
bear- oooling-air  discharge a t   a l l   a l t i t u d e e  was from 10 t o  
20 percent greater with the high-flow compressor than with the law- 
flow compressor. A comparison of this  temperature r i se   for   the  
low-flow and high-flow ccmpressors a t  a pressure alt i tude of 
30,000 feet is shown in figure 18. 

Inspection of the low-flaw compreasor a f te r  diaaesembly showed 
that sme of the holes in the  cmpreseor caslng for bleeding off  
the bearing cooling air dfd not l ine  up wlth the holes in the pads 
leading the a i r  fram the canpressor. The bearings were  thue 
deprived of erne of the  cooling air they should have received. 
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After 54 hours of testing with  the low-flow compressor, the 
mid bearing, which is locatad at the  rear of thf,  cmpressoqfailed. 
The emgine had been operating for  several minutes a t  a pressure 
alt i tude of 50,000 f ee t  and engine  speeds near 7000 rpm with  the 
mid-bearing temperatures  ranging frogn 275O t o  335' F. The engine 
speed was lncreaeed and was being stabllized a t  7450 rpm when the 
mid-beaxing temperature  reached 340° F and continued t o  r i s e  rapidly. 
The fuel  was shut off as quickly 88 possible,  but  the mid-bear- 
temperature lnunediately reached 392O F and soon rose t o  a m a x i m u m  of 
410' F. The temperature of the  rear bearing j u s t  ahead  of the tur- 
bine wheel reached a maxhum of 360' F soon after operation of the 
engine was discontinued. The high  temperature of the rear bearing 
m e  probably caused by heat transfer fram the  turbine wheel, which 
wae st i l l  hot. While the engine was w f n d m i l l i n g  immediately a f te r  
the fuel had been shut off, the amplitude of vibration of the engine 
indicated on the  vibration meter greatly exceeded the allowable 
limit of 0.005 inch for n o m 1  operation. 

An inspection of the mid bearing after the engine was diaas- 
sembled revealed that all the  plastic cages that  held  the  balls in 
place had been ground into small  pieces. Operation of the bearing 
at high  temperatures had probably weakened the plaertic cage8 and  one 
of them failed, which enabled the  balls t o  move about and crush  the 
remaining cages. The t ips  of the  rotor and s ta tor  blades on the 
rear  stages of the conpressor had rubbed after the mid bearing  failed. a 

Views of the compressor rotor and case after the blades rubbed are  
shown in figures 13 and 20. 

Damage t o  Accessory Dome and A i r  Guide 

During performance m s  at ram preseure rat ios  up t o  1.8 a t  
40,000 feet,  the dome over the  accessories  collapeed. The dame was 
repaired and a stiffening ring was rlveted around the  inside. The 
done again  collapeed a t  high ram coaditions and was replaced  with 
one made of heavier gage aluminum,  which  proved satisfactory. The 
dame afterbody and the vanes in the air guide a t   t he   i n l e t  were 
badly torn  during  the tests owing to   the  high ram pressures. The 
damaged done and dome afterbody are  eham in figure 21. A s tee l  
dame afterbody and s t ee l  gulde vanes were conetructed t o  replace 
the damaged onee. 

SUMMARY OF KESLTLTS 

The following operational  characteristic8 were observed d u r i n g  
an altitude-wind-tunnel  investigation of a 4000-pound-thrust axial- 
flow turbojet engine f o r  a range of alt i tudes f r a n  5000 to 50,000 fee t  
and ram pressure ra t ios  from 1.00 t o  1.86. 
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1. With  the low-flow ccmpressor,  the  engine  could be operated 
at  full  speed  without  serious  burner  unbalance  at  altitudes  up  to 
50,000 feet.  The.minfmum  operating  speed  without r a m  varied fram 
2000 rpm  at a preesure  altitude  of 5000 feet to 4000 rpm  at 
40,000 feet.  At a true  airspeed  of 635 miles  per hour at 40,000 feet, 
the  minimum  operating  speed was increaeed  to 6300 rpm. 

2. In several run8 wfth  the  high-flaw  compressor  installed 
(configurations 6 to 8,  10, and ll),  the maximum engine  speed was 
limited  to  lese than 7600 rpm by  combuetion  blow-out,  high  tail-pipe 
temperatures, and compressor stall. These maximum speed  limite  were 
removed  by  inatalling  turbine  nozzles  and a tail-pipe  nozzle  that 
had greater  nozzle areas; however,  the  tail-pipe  temperatures  at 
full  speed  were  then  approximately ZOOo F lower tplan the desired 
operating  temperature. 

3. Acceleration of the  engine was slow, approximately 13 eeconda 
being  required  to  accelerate  from 3000 to 6000 rpm at a preesure 
altitude of 5000 feet  with  the etandard engine conflgwation and  the 
low-flow compressor.  Acceleration was slower  at high altitudes; 
44 seconds were required  to  accelerate f’rcan 3000 to 6000 rpm at 
30,000 feet. 

4. At  maximum enghe speed a sudden  reduction in jet-nozzle 
area  from 137 percent normal area  to normal area  immediately 
increaeed  the  thrust  by 37 to 47 peraent and decreased  the  engine 
speed  by 100 to 200 rpm. 

5. The  engine  started  normally  and  easily  below 20,000 feet 
with  each  configuration.  The  maximum  pressure  altitude at which 
the  engine could be regularly started vas inoreased from 25,000 to 
40,000 feet by installing the  revised  ignition  syetem  and  high- 
voltage  tramformer.  Starts  above 20,000 feet in each caee were 
accompanied  by a great  deal of burning in and  behind  the tail pipe, 
high tail-pipe  temperatures, and very slow acceleration.  The max- 
imum engine  windmilling  speed  and the corresponding  true  airspeed8 
at  which  the  engine  could  be  started  renged f r o a n  2800 rpm  at 
550 miles per hour  and 20,000 feet to 1600 rpm at 300 miles per 
hour and 40,000 feet. 

6. Operation of the engine waa shilar with both fuel regu- 
lators except that the m o d i f i e d  fuel regulator restricted  the  fuel 
flow in auch a m e r  that the  acceleration above 6000 rpm waa very 
slow. 



7 .  ET& temperatures of the mid bear- (bearing 2 )  and the 
rear bearing (bearing 4) were encountered in the run8 with the low- 
flow compressor at engine speeds higher than 7000 r p m  at pressure 
alt i tudes above 30,oOO feet. The bearing cool ing  was worse w i t h  the 
high-flow compressor than with the low-flow compressor. The high 
bearing temperatures were caused in part by the r e d u c t i m  in bear- 
cool ing-air  flow at high engine speeds. 

Fl ight  Propulsion Research Laboratory, 
National  Advisory Ccanmittee for Aerm8utic8, 

Cleveland, Ohio. 

1. Planing, Wllliam A.: Altitude-Wind-Tunnel Investigation of a 
4000-Powd-Thrust Axial-Flaw Turbojet Errgin&.  I - P&ormance 
and W i n a m i l l i n g  Wag Characteristics. HACA RM No. E m ,  1948. 
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(a) Left -slde  v iew  with  cowling  instal led.  

Figure I .  - I n s t a l l a t i o n  of 4000-pound-thrust axlal-flow turbojet   englne i n  a l t i t u d e  wind tunnel .  
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I b )  Left -side  v iew w i t h  cowling removed. 

F i g u r e  I .  - Concluded. Y 
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F i g u r e  4. - Comparison o f  t h e   t h r e e   t y p e s  o f  combustion  chamber used on  4000-pound-thrust axia l - f low 
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was i n t roduced   i n to   t he   p r imary   bu rn ing   zone  o f  each. 
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Figure  3. - I n s t a l   l a t l o n  o f  t h e   v a r l a b l e - a r e a   j e t   n o z z l e  on 4000-pound-thrust  axial-flow turbo je t  
eng 1 ne, w 
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Engine speed, rpm 
Figure 6.- Variation of minimum operating speeds with pressure 
altitude  and  ram  pressure ratio with low-flow compressor, 
configurations 1 to 5 .  
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Engine a p e d ,  r p m  
Figure 7.-  Effeet of pressure altitude on maximum engine speed 
with high-flow compressur Instal led on  conffgurations 6, 7, 
8, 10, 11, 12, and 13. 
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l a )  Sections  broken away. Ib l   Sect ion   co l lapsed .  

Figure 6 .  - Transit ion  sect ions  broken away Pmrn turbine  nozzle  and  col lapsed a f t e r  operat ing  engine 
36 minutes  with  conf igurat ion 9. Y 
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Engine speed, rpm 
Figure 9.- Effect of  pressure altitude an tlme required  to 8tar.t and accelerate mith 

loa-flow comtmossor, configrations 1 and 5. 
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Engine speed, rpm 
Figure 10.- Effect of pressure  altitude on time required t o  accelerate from an Idling 

speed of 3000 rpm with lor-flow compressor, configurations 1 and 5. 
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Preeaure al t i tude ,  f t  
Figure 11.- Experimental and oalaulatsd data shoring e f f e o t  of a l t i t u d e  on the   rat lo  

of time required ta   aoce lera te   a t   a l t l tude   to  time required t o  accelerate a t  sea 
level with configurations 1 and 6. e - I 
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Engine sped,  rpm 
Figure 12.- Sffect of presswe alt i tude on the time required to start and accelerate 
with high-flow comprenfor, configuratlon 13. 
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Engine speed, rpm 
Figure 13.- Effect of pressure a l t i tude  on the t h e  required to accelerate from'an 

id l ing  apeed of 3000 rpm rlth high-flow compressor, oonfiguration 13. 
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Pressure a l t i t u d e ,  ft 

Figure 14. - Variation with altitude of maximwu engine  wind- 
milling speed at whieh engine oould be atarted. 
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Engine speed, rpm 
Figure 16.- Comparison o f  bearing coolfng-afr flow wfth lor- 

flow and high-flow compressors at a pressure a l t i tude  of 
30,000 feet. 
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. 

Engine speed, rpm 
Figure 17.- Comparison of compreesor fourth-stage static 

pressure with lor-flow and high-flow compreesors at a 
preesure altltude of 30,000 feet. 



J3nglne speed, rpm 
Figure 18. - Comparison of temperature rise be tween the 

compressor inlet and bearing-air discharge with l o w - f l a  
and high-flow compressors at a pressure altitude of 
30,006 feat. 
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F l g u r a  19. - Vlew o f  the   compressor   ro tor   a f te r   the   mid -bear ing  fai l u r e  showlng t h e   a r e a   w h e r e   t h e  
s t a t o r   b l a d e s   r u b b e d   t h e   r o t o r .  u) 
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Figure 20. - View o f  the  compressor case a f t e r  t h e  mid-bearing f a i l u r e  
showing t h e  areas where t h e  r o t o r  blades  rubbed the  casing.  
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FI g u r e  21. - V i e w  showing  damage t o  accessory dome and af te rbody .  




