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By Zelmsr Baram and H. D. Wileted 

&I altitude-chaniber investigation was conducted at  the PSACA 
Lawis laboratory to determine thh Sltitude performance character- 
l r t i c s  of the British Rolls-Royce Hene II turbojet -ne w i t h  a 
standard 18.75-inch-diameter Jet nozzle. Results m e  presented 
for simulated Slt i tubs fpoan sea level  to 60,OOO feet and for ram- 
pressure  ratios frm 1.00 t o  3.50 (corresponding t o  flight Msch 
numbers from 0 t o  1.47, assuming lw-percent ram-pressure recovery). 

Tygical performance-8ata plots are presented to show graphi- 
cally the effects of altitua and flight rsm-presaure ratio. Con- 
ventional  correction mathoda were applied t o  the data t o  determine 
the posribility of generalizing each performance parameter to a 
single curve. A ccprrplete tabulation of corrected and uncorrected 
engine-performance parameters is presented. 

Because ompressor  presaure rat io  and effioietncy at hign engine 
meeds decreaeed vi th  inoreaeing alt i tude  at  a l t i tudes  above 
20,000 feet, eagine-perfol.manoe parameters could not be p r e d i d e d  for 
them  altitudes irom Uata tuken at one p8rt ioular  altitude. A t  a 
given altitude, performance data at  q ram-pressure r a t i o  fo r  whioh 
o r i t i c a l  flow exleted in the  jet nozzle could be used t o  predict  
performance at any other ram-preeeure ratio in the critioal-flow range. w i n e  perfarmance at a l t i t u d e  was affeoted by compreesar- 
performance variations caused by differences In atmoepheric ten- 
perature and preseure with altitude. The data  indicated  that  the 
net-thrust  epeciflo fuel ~onempticm decreaeed with Increasing alti- 

phere), and thereafter increaeed with ~acreseing altitude. - tude Up to  the t I % p O P a U 6 0  (35,332 ft, based On RACA stsndsrd a-8- 
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Because of the  design  differences of the British Rolls-Royce 
Nene I1 engine  as compared with similar American  turboJet engines 
and because of the high sea-level  rating, an altitude  performance 
investigation of a Nene 11 engine WBB conducted in an altitude 
chamber st the NACA Lewis laboratory during 1948. 

The effect of altitude emd flight  speed on the over-all engine 
performsnce, wing the  etandard  18.75-inch-diameter Jet nozzle, le 
presented herein. Results are presented  for  simulated  condition8 
varying  from  sea  level to an altitude of 6O,,ooO feet and for ram- 
pressure ratios from 1.00 to 3.50. These ram-pressure  ratios  cor- 
respond to flight  Mach nrrmbers f r o m  0 to 1.47, assuming 100-percent 
ram-presaure  recovery. The conventional method of reducing data to 
sea-level  conditions  (Yeference 1) was used to determine whether 
performance could be generalized; that ie, whether data at one 
altitude and ram-pressure  ratio could be w e d  to predict  performsnce 
et other  conditions of altitude and ram-pressure ratio. 

A cutaway view of the  British  Rolls-Royce Nene TI power  plant, 
which is a through-flow  turbojet engine having nine caaibustlon 
chambers, is shown in figure 1. !Che engine  incorporatee a single- 
stage double-entry centri- cmtpressor ( t i p  diameter, 28.80 in. ) 
driven by a single-stage  reaction turbine (tip  diameter, 24.53 in.) . 
The turbine-nozzle  area  is 126 square inches and the jet-nozzle 
area is 276 square inches. The dry engine  weight is approximately 
1720  pounds (starting panel and generator  lncluded) and the maximum 
diameter (cold) is 49.50 inches, giving an effective  frontal area 
of 13.36 square feet. 

The sea-level engine performance (refereno8 2),baeed an Rolls- 
Roy- static teat-bed data, ie: 

Rating 

(lb/(hr) (lb thruet) ) 

Specific fuel Rotor speed Jet  thruet 
~~ 

O b )  consumption (-1 

Take-off 1.04 12,250 5000 
M i  li tmy 

-"- 2,600 120 I d l e  
1.02 11,500 4000 &x. cruiee 
1.04 12,250 5000 



From these values it can be seen that the rated military thntst 
per  unit  weight of engine is 2.91 pounds thrust  per pound weight, 
and tbe rated military thrust  per  unit of frontal area  is ,374 pounds 
thruet  per square foot. The maximum allowable  tail-cone gas tem- 
perature i a  13E0 F. 

A sea-level acceptance run of the engine with minimum research 
ins.brumentation installed showed  a  thrust of 5110 pounds and a 
specific fuel consumption of 1-01 pounds per hour per pound of 
thrust  at an engine speed of 12,261 rpm. 

A P P ~ A l O D ~  

Altitude Test Chaniber 

The engine was installed in an altitude  test  chamber 10 feet 
in diameter and 60 feet  long  (schematically S Q O ~  in f i g .  2). The 
inlet  section of the chauiber (surrounding the  engine} was aeparated 
fmm the exhaust section by a steel bulkhead;  the engiae tail  pipe 
passed  through  the  bulkhead by mearm of a  frictionless seal. The 
seal was composed of three floating  asbestos-board  rings 80 mounted 
on the  tail  pipe  as to allow thermal -ion in both radial and 
axial directions, us well as a reW0Mble amount of lateral mme- 
mspt to prevent  binding. 

Engine thrust was measured by a b8lanced-pressure-diaphragm- 
type thrust  indicator  outside  the  test chaniber, connected by a 
linkage to the flcams on which  the engine was mounted in the chaber. 

An A.8.M.E.-type flat-plate  orifice  mounted in 8 straight run 
of 42-inch-dhmter pipe  st the approach to the test  chauiber was 
provided for measuring engine air conslmnption. Because of the 
large varistion in atnsospheric conditions investigated,  however, 
coneiderable  dffficulty was encountered with condsnsation in the 
orifice  differential-pressure, lines despite repeated  attempts to 
remedy this situation. The engine air  consumption was therefore 
calculated frcan engine pressure emd temperature measurements in 
the  tail pipe, as -8cribed in the appendix. 

The ram-air pressure was controlled by a main, electrically 
operated  butterfly valve in  the  42-inch  air-supply line, bypassed 
by a 12-inch,  pneumatically operated V-port  vulve. A i r  was sup- 
plied by either a conbustion-air  (moiBt, mom-tmersture) system 
or a refrigerated-air (dry, cooled)  eystem  at  temperatures mar 
those &sired. Fined control of air  temperature was accomglished 
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by means of a  set  of  electric  heatere in the bypass  line innnedlately 
preceding  the  entrance to the test  chamber. The air  entered  the 
test  chamber,  passed  through  a  set of straightening vanes, and then 
entered the k i n e  cowl. The purpose of th; 
circulation of heated  air  from the region of 
bustion  chambers  directly  into the aft inlet 
This heated  air vas therefore mixed with the 
before  entering the compressor. 

The exhaust  Jet was discharged  into  a dl 
in the  exhaust  section of the chamber.  This 

cowl was to prevent 
the tail  pipe and ccnn- 
of the canpressor. 
cooler air supply 

ffusing elbow  mounted 
elbow  ducted  the  gases 

in to  a  dry-type  primsry  cooler.  Control of We exhaust  pressure 
was obtalned  by of a main, electrically  operated  butterfly 
valve, bypassed  by  a  2O-inch,  pneumatically  operated  butterfly 
valve. The gases then passed through a dry-type  secondary  cooler 
and  thence  into  the  system exhausters. 

Coa9pressor-inlet  temperature  and total  pressure  were measured 
by  eight  probes, each consisting of an Iron-constantan  thernw>couple 
and a total-pressure  tube. Pour probes  were  equally  spaced  around 
the  periphery of the  front  cosrpressor-inlet  screen,  and  four around 
the  back  screen,  (station 2, f ig .  3). Control of ram  pressure and 
teuuperature  was  based on the averaged readings of the  eight probes. 
Coqpressor-discharge pressurea were measured at the eslt of 
catpressor-discharge  elbows 1, 4, and 7 by seven  total-pressure 
tubes in each elbow. 

Engine tail-pipe  temperatures  at  station 6 were measured by 
meam of 25 cbmmsl-alumel,  stagnation-type  thermocouples  located 
in an instrument ring, BS shown in figure 4. The instrument  ring 

' also  included 24 total-pressure probes, 14 static-pressure probea, 
and 4 wall static-pressure  taps. This instrumsntstian was located 
approximately 18 inches downstream of the  tail cone. In addition, 

Rolls-Royce Ltd. vere  mounted in the tsil cone and were  used for 
engine-control  purposes. 

the X- -1- s t a s  t a i 1 - c ~  thermr>COUpleS  SlmpPlied by 

All pressures, including the thrust-indfcator-di&phragm pres- 
sure,  were  instantaneouely recorded by photographing  the  manrJmeter 
panel. Temperatures were recorded by tu0 self-balancing, scanning 
potentiometers, w h i c h  required  about 3 minutes to recod all engine 
temperatures. Pressure and temperature inetruwntatlon was also 
located  at  other  statio- throughout the engine;  measurements From 
this instrumentation are not  reported. 
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speed was measured by means of em w e  counter, 
which  operated on the frequency of an alternating-current three- 
phase  generator mounted on the acceasory  case of the engine.  Action 
of the counter and a t a r  was  synchronized  by use of a single 
mecbanism. 

Fuel commption was meamred by 8 c8Ubrated variable-area- 
orifice flow mster, which  allawed near full-scale readings for 
various  ranges  of fuel flow by changing  the  orlfice flow area. 

With the exception of a* consumption,  performance d a t a  were 
geqerally  reproducible within 2 percent.  Air-consumption  data 
scattered  appreoiably  at high engine speeds and vas reproducible 
only to  within 5 percent  with  a few points showing even greater 
acatter . 

Procedure 

Performance  characteristics of the engine were  obtained over 
a range of  engine speeds at  simulated  altitudes *om sea level to 
60,OOO feet and ranr-pressure  ratios from 1.00 to 3.50. Inlet-air 
tqeratures were, in general,  held to  within 3O F of NACA standard 
values  corresponding  to  the  sinulated-altitude  and  ram-pressure- 
ratio  conditions. Compressor-idet total pressures were held at 
values  corresponding  to  the  simulated  flight  contLitiona,  assuming 
100-percent  ram-pressure  recovery. 

A sumnary of  perfonnsnce and operational  data  obtained  at 
simulated-altitude  conditions  is  presented in table I. Altitude 
data  corrected  for  small  variatiane in compressor-inlet presglure 
and temperature  settings and for  variations in exhaust-pressure 
settings are summarized in table 11. Table IT. also includes the 
data corrected to conditions of NACA standard  sea-level  static 
pressure and temperature  at  the compressor tnlet. 

Simulated F l i g h t  Performance 

Effect of qltitude . - !Typical performance data f ram table II, 
obtained  at  a ram-pfessure ratio of 1.30 and simulated  altituaes 
from sea  level to 60,OOO feet, are presented to show the afect 
of altitude on Jet thrust,  net  thrust, air consumption  (cooling 
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air  excluded), fuel consumption,  net-thrust  specific  fuel  con- 
sumption,  and  tail-pipe  indicated gas temperature (f lgs. 5 to 10, 
respectively).  Jet  thrust,  net  thrust,  air  consumption, and fuel 
consumption  (figs. 5 to 8, respectively)  decreased  r8pidly  with 
increasing  altitude, as would be  expected  with  decreasing  inlet- 
air  density.  Fuel-consumption dsta at an altitude of 60,000 feet 
were  unavailable due to an instrument  failure (flg. 8). 

The net-thrust  specific  fuel  consumption (fig. 9) decreased 
with increasing  altitude  until 30,000 feet was reached. This 
trend then reversed to gLve an increase as altitude  continued to 
increase. The decreasing  specific fuel consumption up to 
altitude of 30,000 feet  can be explained by figure ll, which  is 
a cro8s  plot  (from  plots of compressor pmesure ratio from table I 
and engine speed  from  table 11) of compressor  pressure  ratio 
against  altitude.  At any constant  engine  speed,  the  compressor 
pressure  ratio  is seen to  increase with increasing  altitude  until 
the tropopause (35,332 ft, based on U C A  standard  atmosphere) I s  
reached. This increase  results from the  increased  compressor-tip 
Mach number with  increasing  altitude as the air  temperature at the 
inlet to the englne decreases. The increasing  cantpreasor  pressure 
ratio improves the engine cycle  efficiency and at the same time 
tends to delay the drop in ccnubustion  efflciencJr  that would other- 
wise result  frcm  decreasing pressure and temperature  entering  the 
cordbustion  Ehnrahers as altitude is incr&med. 

At  altitudes  above the tropopause,  inlet-air  temperature  is 
constant and there is no compressor  Mach  number ef'f'ect. A t  higher 
engine  speeds,  however,  compressor  pressure  ratio  decreased  appre- 
ciably  with  increasing  altitude. The conpressor  efficiency waa 
found to follow  exactly the trends as the ccmpreesor pressure 
ratio for any constant  tip Mach number. This decreaee in ccenpreseor 
preseure ratio snd eff'lslency combined x i th  decreasing  altitude pres- 
sure at altitudes above the  tropopauee  reaulted in decreased  canbue- 
tion and cyole efflcienuies,  thereby  producing  the  revere81 in speuific- 
fuel-ooneumption  trends  wlth inureaeing altitude ahown in figure 9. 
The indication  that minimum speciflo  fuel  coneumption  oocurred at 
the tropopause was independent of rem-pressure ratio. 

The tail-pipe  indicated &as tauperatme (fig. 10) at the 
lbwer engine speede decreased rapidly with increasing  altitude 
until. the  tropopauae vaa reached. This decrease  results, in part, 
from the decreased inlet-air  temperature; in addition,  it has been 
shown that  canpressor  pressure ratio Increases  with  increasing 
altitude up to the  tropopause. This greater  pressure  ratio is 
then available  for erpansion across the turbine and the  jet nozzle. 
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Because  at  the  higher  energy  level  at  which the turbine  operates an 
increase in pressure  ratio makes available  a  greater  enthalpy  drop 
than  that  required  by the increased compressor work,  there  will be 
an excess expansion pressure  ratio  across  the turbine. The only 
wey  to  match  turbine and compressor  work is to lower  the  energy 
level of the turbine by decreasing its inlet temperature,  which 
results in decreased  tail-pipe  temperature as well. !Phis ccpldition 
exists  until  critical flow is established in the Jet  nozzle.  At 
higher engine  spesds in the  oritioal-flow range, the  entire 
increase in compressor  pressure  ratio is no longer  available  for 
eJcpeLnsion w i t h i n  the engine as there  is a free-air expansion beyond 
the  throat of the  jet  nozzle. The expansion  ratio from the inlet 
to the throat of the  jet.noeele is also f-. In order to match 
the  turbine to the compressor,  it is then necessary to increase  the 
energy level of the turbine thus 'increasing  turbine-inlet and 
turbine-discharge  temgeratures. 

Computed  values  of  turbine  efficiency (not included herein) 
were  essentially  unaffected by vaxiations in altitude or ram- 
pressure  ratio in the range of this  investigation. Turbine 
efficiency  therefore  did  not amear to  contribute  materially  to 
performance  variations  resulting from changes in altitude and ram- 
pressure  ratio. 

4 

Effect of ram-pressure  ratio. - Performance  data  obtained  at 
a simulated  altitude of 30,000 feet at ram-pressure ratios fKlm 
1.00 to 2.70 are presented  to show the effect of ram-pressure 
ratio on Jet thrust,  net  thrust, sir consumption  (.cooling sir 
exclude&), fuel consumption,  net-thrust  specific  fuel  conaumption, 
and  tail-pipe  indicated  gas temperatwe (figs . 12 to 17, 
respectively). 

As would be expected with increasing air  density at the engine 
inlet, 811 increase in ram-pressure  ratio  increased the jet  thrust, 
air  consumption,  and fuel consumption (figs. 12, 14, and 15, respec- 
tively) throughout the  range of engine speeds  investigated,  except 
that  these  trends  apparently  reversed  for  fuel  consumption  at  low 
engine  speeds  (fig. 15) . This reversal is in part  due to a  tend- 
ency  for  the  engine to w i n d m i l l ;  hovever, it can also  be shown that 
combustion  efficiency  increases w i t h  increasing  ram-pressure  ratio 
and  both  these  effects are more pronounced  at low e w e  speeds. 
The break in the  trend  between  ram-pressure  ratios of 1.50 and 1.70 
at the higher  engine speeds was attributed  to  disparities in the data. 

The net  thruat (fig. 13) increased  with  increasing  ram- 
pressure  ratio  for Ugh engine speeds,  but  Becreased with increas- 
ing ram-pressure  ratio  for  low engine speeds. Thfs decrease in 
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net  thrust  reeulte, of couree, from an increase in Inlet-sir 

momentum - more rapid than the  increase in Jet  thruet or 
diecharge  momepturn. (See fig. 13 f OF value8 of f light  veloolty Vp 
corresponding to the  various  ram-preeeure  ratio8  inveetlgated.)  At 
the  higher engine epeeds, the more rapid increaee in Jet thruet 
overcome8  the increaeing Inlet-air  momeaturn, and the net thruet 
therefore increased wlth inareaalng ram-preeeure ratio. This engine 
charaoterietlc le deeirable for high-epeed  flight, a8 the inoreseing 
thruet  would  partly offeet the  inareaeing airplane drag. 

6 

The  net-thrust  apecifio fuel coneumption (fig. 16) inareseed 
with inoreaeing ram-pressure  ratlo,direotly reflecting the trend8 
of the net-thruet and fuel-coneumptlcm Ourvee. The break in fuel- 
consumption trede between  ram-preeeure  ratio6 of 1.50 and 1.70, 
previously  mentioned, le aleo shown. Thie inoreaee in net-thruet 
epecifio fuel aonaumptlcw with lncreaeing ram-preeeure ratio 
indicate8 a higher met in fuel consumption for high-epeed  flight 
than would be expected  from  Just  the increased thrust  requirements 
to overactme inoreasing airplane drag. 

The tail-pipe indicated gae te3aperatur-e (fig. 17), in general, 
decreased Kith increasing ram-pressure rqtio. A t  low angins speeds, 
this dearease ie due, in part, to the tendency of the eplgine to 
w i n d m i l l .  At all engina apeode, a teqerature reduction  caused by 
the increaeing available energy an the turbine-inlet pressure is 

"Effect of Altitude." 
raised OCCUTB. This Oharsctmi6tiC W discussed in ths section 

Generalized PerpormSnce 

Perfornmnce data varying in. altitude from sea lwel to 
60,OOO feet and in ram-pressure ratio from 1.00 to 3.50 m r e  

level conditions. The development of this metha¶ of generalizing 
data invalves  the concept of flaw similarity and the application 
of dimenelanal snalysir t o  the performance of turbo,jet engines. 
In this dewelopmsnt, the efficienoiee of engine ooplpanents are 
ooneibred to be uzlaffected changss in altitude; any changes 
in ccmpcment perfommce therefore lesua the possibility of 
generalizing to a sbgle curve the data obtained at W e r e n t  
altitudes . 

m d l l C e d  the ConVeatiOd -I ( r e f e e  1) t0 6tandsrd 8-0 

Effect of altitude. - 'pyplcsl  correeted emgim perfommace 
data (from table 11) obtained at a mu-pressure ratio of 1.30 
and simsllated altitudes fran sea l m 1  to 60,OOO feet are aopnpared 



to show the effect of altitude on the corrected  values of jet thrust, 
net  thrust, air consumption, fuel consumption,  net-thrust  specific 
fuel conaumption,  tail-pipe  indicated gas temperature, and tail-cone 
indicated gas temperature  (figs. 18 to 23, respectively). 

As can be seen, the  corrected  values of jet  thrust and net  thrust 
(figs. 18 and 19) did  not  generalize,  but  decreased with increasing 
altitude. At the  higher  engine  speeds,  this  decrease was attributed 
to  the  fact  that  the  compressor  pressure  ratio  and  efficiency  decreased 
as  altitude  increased as shown  in  figure 24. Because  of  the  decrease 
in compressor  pressure  ratio  and  efficiency, a comparable  decrease  in 
air  consumption  would be expected, which also contributes to the 
decrease in thrust. The decrease in thrust with increasing  altitude  at 
lower  engine  speeds-is,  however,  due to  other  cause8.  Examination  of 
corrected  tail-pipe  pressure  showed  trends  identical to the  corrected 
jet-thrust  trends,  whereas the  corrected  turbine-inlet  pressure  did  not 
decrease with increasing altitude at low engine  speeds.  Inasmuch as 
computed  turbine  efficiency  showed  little  change with altitude, the 
decrease  in  thrust may be the result of proportionately  larger  pressure 
losses in the tail cone  at  high  altitudes,  where  the  tail-cone  Reynolds 
number  is  lower. 

From this  altitude  effect on compressor  pressure  ratio,  it  would 
be expected  that  the  corrected  air  consumption  would  decrease with 
increasing  altitude  at  the  higher  engine  speeds.  Although  there  was 
considerable  scatter in the  air-consumption  data  at  high  engine  speeds, 
the mass of data (from table 11) did  show  such a trend. Figure 20 
shows  that  data at altitudes trp to 20,000  feet fell on a single  curve; 
whereas  data at higher  altitudes, fn general, fell  progressively  lower 
at high engine  speeds. 

Corrected fuel consumption  (fig.  21)  generalized  at  a given ram- 
pressure  ratio  for  altitudes to 20,000  feet,  but for higher  altitudes 
increased  with  altitude  throughout the range of engine  speeds  investf- 
gated. At low  engine  speeds, the increase  is  rapid and is  due  to the 
large drop in conibustion  efficiency with increasing  altftude.  At high 
engine  speeds, the drop in conibustion  efffciency  is  much  less,  but  it 
combines with  the decrease in compressor  pressure  ratio  and  efficiency 
(fig. 24)  to  cause an increase in corrected fuel consumption. 

The  corrected  net-thrust specific-fuel-conswqtion curves (fig. 22) 
reflect  both the increase  in  corrected fuel consumption  at  the  higher 
altitudes  and  low  engine  speeds  and the decrease in corrected  net  thrust 
at  altitude. The curves  generalized for altitudes up to 20,000  feet, as 
would be expected from the  net-thrust  and  fuel-consumption  curves;  as 
altitude  was  increased  above  20,000  feet,  however,  the  corrected  net- 
thrust  specific fuel consumption  increased  rapidly,  especially  at lower 
engine  speeds. A t  higher  ram-pressure  ratios,  the  corrected  net-thrust 
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specific fuel  consumption  generalized  at  somewhat  higher  altitudes. 
At  and  below the engine speed for  which the calculated  net  thrust 
becomes zero, the net-thrust  specific  fuel conmmption is, of 
course,  theoretically  infinite. The corrected  tail-pipe and tail- 
cone  indicated  gas  temperatures  appeared  to  generalize  to a single 
curve  for  all  altitudes  at a given  ram-pressure  ratio  (fig. 23) . 
Tail-cone  temperature,  however, was consistently higher than tail- 
pipe temperatwe,  as  can  be seen by a  comparison of figures 23(a) 
and 23(b) . This difYerence was  attributed t0 the location and the 
nuniber of  thermocouples used in obtaining the two averages. 

The decrease in  compressor pressure ratio with increasing 
altitude shown in figure 24 is  believed to be  a  Reynolds lamiber 
effect. Perfollltance investigations of centrifugal  compressors 
and  other  full-scale engines at the Lewis laboratory  have ahown 
similar trends.  It  is  not  yet known to what  extent,  if any, these 
effects may be reduced  by  refinements in manufacture and design. 

Effect of ram-pressure  ratio. - The cowentional method of 
generalizing data was specifically developed to adjust  for  changes 
in the pressure and the tssnperature of the atmosphere in which the 
engine is  submerged.  Variations in ram-pressure  ratio  (flight 
speed)  change^ the performaace characteristics by effectively 
changing the compression  ratio of the engine. In gensral, the 
increased.operating  pressure with increasing  ram-pressure  ratio 
raises the tow expaneion  pressure  ratio of the engine (from 
turbine  inlet to jet-nozzle  throat) until critical flow is  estab- 
lished in the  jet  nozzle.  After  critical flow is established, 
the  expansion preasure ratio of the engine remains constant w i t h  
increasing  ram-gressure  ratio. T b  engine is then effectively 
submerged in an atmosphere having a  static  pressure equal to the 
pressure exis-Kng in the Jet-nozzle  throat, and is  operating  at 
a comtant effective  ram-pressure  ratio. The effective ram- 
pressure  ratio is then equal to  the  ratio af the conpressor-inlet 
total  pressure to the Jet-nozzle-throat  static pressure. With 
critical flaw in the j e t  nozzle,  generalization of flow character- 
istics  throughout the engine  should be  possible w i t h i n  the limi- 
tations  discussed  in  connection vith altitude effects. 

Typical  performance data obtained  at a simulated  altitude of 
30,000 feet and ram-pressure ratios from 1.00 to 2.70 are oompared 
to show the effect of ram-pressure ratio on the corrected  values 
of jet  thrust,  net thrust, air consuuqtion, fuel consumption,  net- 
thrust  specific  fuel  conslapption, and tail-pipe indicated gaa 
tenperatwe (figs. 25 to 30, respectively) . 
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The corrected J e t  thrust  (fig, 25(a)) did not generalize but 
increased almost linearly a8 ram-pressure  ratio vas increased. AB 
previously  discussed, however,. it would be expected that pressures 
and temperatures throughout the engine  would generalhe when critical 
flow exists'in the jet  nozzle.  At  this  condition, the static pres- 
sure in the jet-nozzle  throat is equal  to  or  greater than ambient 
static  pressure, and the Jet &hrust is 

( A l l  Symbol6 are defined in the  appendix,) If two afferent ram- 
pressure  ratios, X and Y, are  applied to the engine, both at the 
same  corrected  engine  speed N/@ and both cawing critfcal flow in 
the  jet  nozzle, then 

Because  it  is assumed that  conditions inside the engins can be 
generalized, these two equations  are equal, and 

Also 

Theref ore, 

This  parameter has been  plotted (fig. 25(b)) and  the bta gen- 
* eralize very w e l l  for engine speeds and ram-pressure  ratios  at 
which  there  is  critical flow fn the jet  nozzle, A similar plot 
has been  used  by  Rolls-Royce Ltd. to generalize  thrust  data. ' 
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The  correuted  net  thrust (fig. 26) also failed to generalize. 
This failure reaults both from the  fact  that  Jet  thruet doe8 not 
generalize  without  consideration of the exces8 pressure at the  exit 
of the Jet nozzle, and A.om the  fa&  that  the  inlet-momentum term 

-g- is not  generalized to a single value. If these two factors 
are  taken fnto  sucount,  the omded-net-thrust curve beoarnee elmi- 
lar to the ~orrected-3et-thrust-parameter curve of figure 25(b). 

wav, 

The corrected  air  consumption (fig. 27) appeared to increase 
as ram-pressure  ratio was increased,  but  plots of data from table I1 
at other altitudes ( a a v i n g  somewhat  less  scatter)  showed no trend 
with ram-pressure  ratio. The trend of figure 27 was therefore 
attributed  to an unusual scattering of the data, and the data as a 
whole  lndlcated  that  corrected  values of six consumption general- 
ized to 8 single curve for all ram-pm~~uro ratios  investigated. 

CorrecteB-fuel-consumption data (fig. 28) gemeralized very well 
at  high engine speeds,  where  critical flow  exlsted in the jet 
nozzle.  At  lower engine speeds, corrected fuel consumption 
decreased  with  increasing  ram-pressure  ratio. The corrected  values 
of net-thrust  specific fuel consumption  should  reflect  the  trends 
of corrected  values of both net  thrust end fuel constnqtion; inas- 
much as the  corrected  net  thrust did not  generalize  except  at ram- 
pressure  ratios above 1.30, a sfmilar  trend  would be expected  in 
the corrected  net-thruet  specific fuel consumption. The data shown 
in figure 29 did  indicate such a generalization  within  the  limita- 
tions of the  ram-pressure-ratio  effects on corrected  fuel  consump- 
tion.  Fuel-consumption values were unavailable at a ram-pressure 
ratio of 1.00. The corrected  tail-pipe  indicated gar temperature 
(fig. 30) showed the same trend6 as the  corrected fuel consumption; 
the data  generalized  to a single curve when critical flow mrs 
established in the  jet  nozzle.  At low engine speeds, where  criti- 
cal flaw  did not exist in t h e ,  jet nozzle, the  corrected  tail-pipe 
indicated &BS temperature decreased with increasing ram-pressure 
ratio. 

The following results were obtained frrvm an altitude-nhnmber 
investigation of the  performance of a  British  Rolls-Royce  Heme I1 
turbojet engine under simulated conditions of altitude f'ron sea 
level to 60,OOO feet and rem-pressure r 8 t i O  fKrm 1.00 to 3.50 
(corresponding to flight Mach numbers frcuu 0 to 1.47) : 



1. Engine-performance parameters could not be predicted f o r  
altitudes above 20,000 feet  fram data obtained a t  one p a r t i c u l a r  
altitude, because compreeaor pressure ratio and efficiency a t  high 
engine speeds decreased with increasing altitude  at  altitudes above 
20,000 feet. 

2. A t  a given altitude, performance data a t  any ram-pressure 
r a t i o  f o r  which cr i t ical  flow existed in the Jet nozzle could be 
used t o  predict perfornaance at  any other rant-pressure ratio in  the 
critical-f low renge. 

3. Eugine performanoe at   al t i tude wa8 affect.& by ompressor- 
performance variatione caused  by differences  in atmospheric tem- 
perature and pressure. The data  indicated that the  net-thrust 
specific  fuel consumption decreased with  increasing  altitude up to 
the tropopause (35,332 f t ,  based on NACA standard atmosphere) , 
and thereafter increased  with increasing  altitude. 

Lewis Plight Propulsion Laboratory, 

Cleveland, Ohio. 
National Advisory CcwIittee for Aeronsutics, 
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T 
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% 

wf 

WB 
Y 

8 

APPmIx - cALCmAI1om 
Spmbole 

area, sq Ft 

diameter, f’t 

thrust, lb  

scoelerat~on due t o  gravity, 32.2 ft/eec 

enthalpy,  Btu/lb * 

meohmica1 equivalent of heat, 778 ft-lbfBtu 

2 

tblW8t oon8-t 

Maoh number 

engine speed, rgm 

absolute tota l  Qreasure, lb/eq ft 

absolute static pressure, lb/eq f’t 

gse 00118tBPt, 53.3 it-lb/(lb)(bp) 

total temperature, OR 

etatlo temperature, €4 

velocity, Ft/aeo 

0 

C O P B ~ t i o P ,  lb/8eo 

fuel cmsumption, lb/hr 

rat io  of speciflo  heats 

rat io  of oanpreesor-inlet absolute  total pressure t o  absolute 
s tat io  pressure of HAW etandard atmoaphere at sea l eve l  

c 



8 ra t io  of compressor-hlet  absolute t o t a l  temperature t o  absolute 
s ta t ic  temperature of HACA standard atmosphere a t  sea level 

Subscripts : 

b barometer 

d thruet-measuring diaplmw 

i indicated 

3 Jet 

n net 

P airplsne 

8 seal 

station  notation  (fig. 3): 

0 f ree  stream 

2 oompressor inlet  

3 ccmpreseor discharge 

5 ta i l  cone (turbine discharge) 

6 t a i l  pipe (upstream of je t  nozzle) 

7 Jet-nozzle outlet  (throat) 

. 

Thrust. - Thrust was determined f r o a n  the altitude-chamber 
thrust indicator (by multiplying the diaphragm preasure by a om- 
atant) w i t h  an added correction  factor to acuount for the pressure 
dif'ferentisl 8cro8s the  tail-pipe  seal. The relation wed YBB 

where 
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A i r  cmemptlm. - mine air coolswnptfon was calculated f’rcm 
meaeuremente of tmpera ture  and total and etat lc  preesure in t he  
t a i l  pipe. Total-preeeure prof i les  8moee the-tall  pipe were 
plotted for esch data polnt; the prafilee were thsn read a t  eight 
points, 80 eeleoted a6 t o  divide the ta l l -p ipe  area in to  four equal, 
ooaoentrlo,  annular CLFBBB. The following formula wae then  applied 
to esoh of t he  four areae: 

where 

A 1/4 x t a l l -p ipe  axe8 (cold) 

AE enthalpy differanoe between total- and etatic-preseure 
c ~ d i t l a n 8 ,  determined from referemoe 3 

The s t a t i o  temperat- in the ionmula wae oalculcrted ircnn the 
indi.cated temperature by the following relation: 

m 

where the temperature r a t i o  waa determined *om the   t a i l -p ipe   to t8 l -  
to-static preeeure  rs t lo  by mean8 of referanw 3. The factor 0.8 
18 t h e  selected average value of thermocouple reoovery faator baed 
04 h8tmmt C8libmtiOm. 

The engine air ooneumptian wae them determined by adding the  
gas flare through t he  four annular areae and subtracting the fuel 
f lm, by the  followizlg  relation: 
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Simulated fliriht speed. - The simulated flight speed at which 
the engine was operated wa8 detembed f’rom the  following relation: 

where 7 was assumed to be 1.40. 

Net thrust. - Ret thrust was oalculated From Jet thrust by 
subtracting the momentum of the free-stream air approaching the 
engine inlet, according to  the relation 

where Vp is t he  simulated flight speed as prevlouely caloulated. 

F l i a t  Mach nuniber. - The flight Maoh number uas calculated 
fram the compressor-inlet total pressure, ass- 100-percmt ram- 
geessure recovery, by the following relation: 

where y was aeeumed to be 1.40. 

1. Bollay, William: Performaace Variation of Gas Turbines and Jet 
Propulsion  Units with Atmoepherio Inlet Condfticma. Power 
Plant Memo. Bo. 1, Bur. Aero., Bvy Dept., March 3, 1943. 

2.  Anon.: Rolls-Royce Nene I1 Performance and Wtallation 
Data. TSD 5 7 ,  Deo. 1947. 

3. Amorosi, A.: Gas Turbine Gas Ch8rte. Res. Memo. Ho. 6-44 
(Havehips 250-330-6), Bur. Ships, Navy Dept., Deo. 1944. 
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NACA m ~9123 

Engine speed, N, rpm 

ratio, 1.30. 
- Effect of altitude on jet  thrust.  Ram-pressure 



Engine speed, N, rpm 

Figure 6. - Effect of altitude on net thrust. Ram-pressure 
ratio,  1.30. 



4,000 6 , 000 8,000 10,000 12 , 000 14 , 000 
Engine apeed, N, rpm 

Figure 7. - Effect of alt i tude on air consumption. Ram-  
pressure r a t i o ,  1.30. 
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4 , 000 6,000 8 , 000 10,000 12 , 000 14 000 

Engine speed, N, rpm 

Figure 8. - Effect of a l t i t u d e  on f u e l  consumption. R a m -  
pressure rat io, 1.30. 



4.4 

4,000 6 , 000 8 , 000  10,000 3.2 ,000 14 , 000 
Englne speed, N, rpm 

Figwe 9. - Effect of a l t i t u d e  ori ne t - th rus t  s ecFfic  fuel  
consumption. Ram-pressure r a t i o ,  1.30. 
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/ 
0 

4,000 6,000 8,000 10,000 12,000 14,000 
Engine  apeed, H, rpn 

Figure 10. - Effect of altitude on tail-pipe  indicated gas 
temperature. Ram-pressure ratio,  1.30. 
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. 

. 

Altitude, f t 
Figure 11. - Effect of altitude on compressor  pressure r a t io  at 

various engine speeds. Ram-pressure ratio, 1.30. 
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5000 

4000 

P 
r l  

1000 

4; 000 6 000 a, 000 -10 # 000 12,000 14,000 

Engine speed? W, rpm 

Fieure 12.  - Effec t  of  ram-pressure r a t i o  on j e t   t h r u s t .  
A l t  itude, 30,000 f ee t  . 
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3000 

2000 

1000 

0 

4 , 000 6 , W  8,000 10,000 12,000 14,000 

Engine speed, N, rpm 

Figure 13. - Effect of' ram-pressure ra t io  on net thruat. 
Altitude, 30,000 feet .  
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:, 000 6,000 8,000 10,000 12,000  14,000 
Engine apeed, N, rpm 

14. - =I eot of ram-preseure r a t i o  on air conamption. 
Altftude,  30,000 feet. 

.. . 

. " 



. 

.. Engine speed, M, rpm 

Altitude, 30,000 fee t .  
Figure 15. - Effect of ram-pressure ratio on fuel consumption. 
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4,000 6,000 8,000 10,000 

Engine speed, M, rpm 

Ram -pre a aura  
r a t  io 

I3 
0 

1.30 
1 e50 

A 1.70 
V 2.00 

D 2.70 
n 2.30 

12,000 14,000 

Figure 16. - Effec t  of ram-pressure   ra t io   an   ne t - tbua t  
specific fuel  consumption.  Altitude, 30,000 feet. 
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1000 
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600 
4, 

Figure 17. - Ef'feot of ram-pressure ratio cn tai l -pipe indioeted 
gas temperature. Altitude, 30,000 feet. 
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2000 

1000 

0 
4 000 6,000 8 , 000 10,000 12 9 000 14,000 

Corrected engine speed, N / G ,  rpm 

Figure 18. - Effect of' altftude on corrected Jet thrmst. 
Ram-pressure ratio, 1.30. 
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4,000 . 6,000 8,000 10 , 000 12,000 14,000 

Corrected engine speed, N / G ,  rpm 

Figure 19. - Effect of altitude on corrected net thrust. 
Ram-pr8SSW8 r a t io ,  1 .X). 

45 

I 



46 W A  RM E9123 

Corrected engine speed, N / a ,  rpm 

Figure 20. - Effect of altitude on corrected air consump- 
t ion.  Ram-pressure r a t i o ,  1.30. 
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Corrected engine speed, N / 6 ,  rpn 

Figure 21. - Effec t  o f  a l t i t u d e  on  corrected fuel consumption. 
Ram-pres sure  rat io ,  1.30. 
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4.; 000 6,000 0,000 10,000 12,000 

1 50,000 
40,000 

- 

.-I- 

Corrected engine epeed, N / 6 ,  rpn 

14,000 

Figure 22. - Effect of altitude on corrected  net-thruet 
speaific fuel consumption. Ram-preseure ratio, 1.30. 
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2200 

2000 

1800 

1600 

1400 

1200 

1000 

800 
49 000 6,000 8,000 10,000  12,000 14,000 

Corracted engine speed, N / G ,  rpm 
(a )  T a i l  pipe.  

F i W e  23. - Effect 0: altitude on corrected  indicated gas 
temperatures. ram-pressure ratio, 1.30. 

. 
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2200 

2000 

1600 

1400 

1200 

1000 

800 
4 , 000 6,000 8,000  10,000 12,000 14,000 

Corrected engine speed, IT/-, rpa 
(b) Tail oone. (Roll8-Royce  thermocouples) 

Figure 23. - Concluded. Effect of altitude on corrected 
indicated gas temperatures. Ram-pressLire ratio,  1.30. 
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.I 

- 4,000 6,000 8,000 10,000 12,000 14,000 
Corrected engine speed, N/&, rpm 

Figure 24. - Effect of altitude OR compressor pressure 
ratio. Ram-preasure ratio, 1.30. 



Corrected  engine  speed, N / G ,  rpm 
(a) Corrected jet thrust, Fj/b . 

Figure 25. - Effect of ram-preasure  rntio on corrected 
jet thrust.  Altitude, 30,000 feet. 



53 

Corrected engine 6peedJ I?/& rpm 

14 000 

- 
(b) Correited  jet-thrust  parameter, F j + P b ; A j  

6 '  
Figure 25. ,- Concluded. Effect of ram-pressure ra t  

corrected jet thrust. Altitude, 30,000 
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Corrected engine speed, N / E ,  rpn 

Ffgure 26. - EPfeot of ram-preaaure ratio on corrected net 
t b u e t .  Altitude, 30,000 feet .  
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A<> 

1. 6,000 8,000 10, OOO 12,000 14,000 

Corrected engine speed, N / 6 ,  rpm 

Figure 27. - EXfeot o f  ram-pressure ratio on corrected air 
aonaumption. Altitude, 30,000 feet . 
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Corrected  engine  speed, N / 6 ,  rpm 

Figure 28. - Effec t  o f  .ram-pressure ratio on corrected.fue1 
consumption. A 1  t itude,  30,000 feet . 
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4,000 6,000 8,000 10,000 12,000 14,000 

Corrected engine speed, N/G, rpm 

Figure 29. - Effect of ram-pressure ratio on correoted net- 
thrust specific  fuel consumption. Altitude, 30,000 feet. 



.. " 

4,000 6,000 8,000 10,000 12 , 000 14,000 

Corrected  engine speed, IV/fi, rpm 

F i g u r e  30.- Eff'eot of.rem-preasure ratio on corrected t a i l -  
pipe indicated temperature. Altitude, 30,000 feet. 
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