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By William R. Prime and Lhnnert T. Janeen 

An investigation hae been conduclted in the HACA Imrie altttude 
w i d  tunnel to  detemine the perforasanae af a =-stage axial-flow 
oanpressor operating as an 3ntegral part of the turbojet engine. 
Canpressor-pezfonnanne data were obtained w h i l e  the turbo jet engine 
was run over its full operable range af engine sped8 at various 
simulated altitudes and f li&t W h  nunibera. The use of three 
different eaawt-nozzle-outlet are= extended the range 09 om-  
pressor operation. 

Increases in altitude from 5OOO to 50,OOO feet  resulted in a 
decrease in o a n p ~ s o r  efficienoy at all oorreotsd air flows. The 
loss of canpremor efficiewy with increasing alti tnde  ia lsrgely 
attributed  to  the  effeat af Reynolds number on oanpreseor perfonnsaoe. 
The canpresaor operating lines shffted taward the hi& afr-f low side 
af the reglcm of peak e i o i e n c y  = the altitnde y88 inureseed.  The 
maximum oopnpressor ecpficienoy obtalned waa appoxhtately 87 percent 
a d  occume& at an altitnde of 5OOO feet and a oorreoted uir flow 
of 80 pom per eecoril, whiah comapoluls t o  a oorrected engiae 
speed of about 6300 rpn aud a canpressor piressure ra t io  of 3.5. 

A n  investigation of a turbojet engine havlng a thruet rat- & 
5000 pods at s t a t io  sea-level  oanditiona hae h e n  collbuclted in the  
NACA Lewis altitude wind tunnel. The over-all engine perfonname is 
swmarized in raierenoe 1. 
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The peflcmmce af a 12-etage axial-flow oanpweor operating 
as an integral part of the turbojet engine ie reported herein. !L%e 
rm@le aF operation aP a caapreesor fumtiodng 88 a oanponent of a 
turbojet engine ie restricted by the ohartmterlstice at' the other 
cmtponents. Three erhaurrt-nozzle-outlet areas were therefore used 
in  thie inveetigatian in order- to extend the range at' operation of 
the campeeor. The a@ne waa operated Kith eauh exhaust nozzle 
over a range UP simulated f li@t ooaditlone  covering altitudes froDn 
5000 to 50,000 feet and fligat h h  ntnnbere fran 0.20 t o  0.97. A t  
each elmulate3 flight con8iticm, the en@= was run over the full  
operable aP speed. 

The aFfeute cf variatione in altitude, fligbt Maoh number, and 
a rh t -nozz le -ou t l e t  area on the caqzesaor gerfonnance character- 
ietfos are graphically presented. A caqplete  tabulation cf the 
canpressor  gerfomence data is also preeenteb. 

Engine 

The 547 turbojet engine used in W s  lnvesti@htian (f ig. 1) 
hae a sea-level  rstatic  rating aP 5000 pound8 thruat at an engine 
a p e d  UP 7900 r p u  and a turbine-outlet temperature a€' 1739 R 
( 1 2 7 9  F). The main capnponent~l at? the atand& engine inolude a 
12-etage axial-flow canpreasor, ei&t cylindrioal  direct-flow can- 
bustors, a e w e - e t a @  impulse turbine, a tail pipe, and a fked- 
area exhaust nozzle. The stand& eahanet nozzle wed in t h i s  
investigation hae an outlet area aP 280 square inches. 

Cmpreeeor 

The campressor has appraximately a flaw capacity of 94 paand8 
of air per eeoozld snd a caagreeeor preasure ra t io  of 5.1 when the 
engine i s  operating at rated eea-level  coditions. 

. 

. 
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A s e a l  is 
the canpressor 

provided on the  rotor at the twelfth rotor  stage of 
reetricts the le-e flow t o  about 18 p-e 

of air per second at rated sea-level  conditions. 

The length of , t he  l2-etage  canpessor ro tor  ( f ig .  2)  from the 
front  face af the firet-etage rotor disk t o  the rear faoe 09 t he  
twelfth-stage rotor disk 5.6 apprarimertely 27.7 inches and the blad- 
ing haa a constant  outeide diameter of 28.9 inches. The c ~ p r e s s m  
stator is the s p l i t e a s i n g  type (fig.  3). 

Ins tal lation 

The engine waa mounted on a Xing aectlon that egsnned the 
20-foot-diameter test  eection of the  altitude wind tunnel (fig.  1). 
Capreasor-inlet  total preeeuree combtent  w i t h  flight ut  high 
speed8 were obtained by introduaing dry refrigeratea air fran the 
tunnel make-up sir system thraua a duct to the engine inlet. 13118 
air was throttled fran apprcuimately sea-level peesure t o  the 
desired pressure at the engine inlet  d i l e  the etat ic  pressure in 
the  tunnel  test  section xae r d u p  to simulate  the deeired altitude. . 
Inlet-air temperatures below -20 F, oorreiegording t o  high altitude 
snd low flight Mach number, were  not obta3ned. The inlet -a i r  duot 
was conneoted to   the  englne by mearm aP a f riotionless  el ip joint, 
which pellnittgd Installation drag and  epgine thruet t o  be mea~ured 
by the tunnel balance acalee. 

" e e  exhaust nozzles were used with the engine installation. 
The xange of nozzle axem WBB limit& fran a minlmm axeu fix& by 
maximum allowable turbine-ouf;let  tanprature at rated engine epeed 
t o  a maxhum area limited by t he  tail-pipe  outlet area. The largest 
exhauet nozzle (342 eq in.) consisted of a etraight pipe seation 
4-inches long clamped to  the  outlet  af the standard tail pipe. The 
other two exhaust nozzle8 were unifonuly tapered seotiane huving 
lengtb of l.8 inches for the at- 280-equare-lach nozzle sld 
12 inches for the 302-square-imh nozzle. These two nozzle8 were 
attached direutly to the  4-inch stratght-pipe eeatian. 

IPatrumentation 

Freesurea and teqeraturee were measured by instrumentation 
installea at eeveral etatione throughout the engine (fig. 4)*. 
Canpressor-rotor-eta- s t a t i o  pressurea were  measured by wall 
orifiaes looated midm between the rows cb atator  blsbee. The 
location of inatrumentation f o r  stat3one 1, 2, anlL 3 is shm in 
figures 5, 6 ,  azrd 7, respotively. 
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!?!he following symbola are wed in the calculations : 

area, sguare fee t  

stagnation a p e d  af BOWI in air, feet  per second 

epecifio heat at oanstant pireseure, Btu per pound per ?El 

c o ~ n ~ e ~ ~ o r  rotoir-blade-tip diameter, feet 

mceleration &ue t o  gravity, 32.2 fee t  per eeoond per eecorxl 

t o t s l  enthalpy, Btu per eeoond 

Mach nlmiber 

ra t lo  of speciflo heat at oonetaat greaeure~ t o  speoifio heat 
at conetant volume 

ratio of absolute to ta l  preeeu~g at engiae inlet t o  abeolute 
e ta t ic  preeaure at HACA atandRrd atmoepheric sea-level 
oollditloae 

ra t io  of absolute to ta l  temperature at engine in le t   to  absolute 
e ta t ic  temperature at RACA stan8axd atnmepherio ma-level 
conditions 
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qc cmpressor effioiency, percent 

Subecripts : 

c campressor 

0 free-atream  conditione 

1 engine inlet 

2 capressor inlet 

28 ompressor stages 

3 cmpreesor outlet 

The statione t o  whioh the numerical  8ubecript;s refer are shown i n  
figure 4. 

Generalizing psremetere: 

Rldq oorreuted engine a p e d ,  rp 

Wa(*/%) COZTeOted 8- flOW, ponnde SMand 

Flight  Mach rmmber. - Sliat Maoh m e r  x88 oalculated fran 
the meaeured 38111 pressure ratio by the following relation, in which 
complete  ram-weesure recovery at the .engine inlet was a~sumed: 



6 

The aotual total temperature of the air T3 l a  higher than T3' 
because of loeees in the cmupresaor. These temperaturee are related 
by the edlabatlc &floLenoy, which l e  defined BB 
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Cmpreeeor m h  nmiber. - Compseor Mach rider i e  defined 88 
the ra t io  c& the t i p  epeed Orp the canproeeor rotor blaae to the 
velocity of souzd i n  air at the  total  temgerature of the engine- 
inlet  air. The equation used ie 

Canpressor-outlet  velocity. - Ccunpreesor-outlet velooity wae 
determined by the equation 

where P3 ia the avemge af the  t o t a l  pressure8 msaeured. at each 
radial station. Average static preeeurea a d  a ta t ic  temperaturee 
were uaed in equation ( 6 ) .  

Method of Presentation 

A ccmpreesor operating line YBB obtained fcn. eauh ooaibination 
a9 altitude, fligat W h  number, snd exhsuat-nozzle-outlet area. 
Three forms of the operating line axe prseented: (1) relation of 
compreesor preeaure ratio t o  corrected engine speed, (2) relation ~b 
corrected air flow t o  correoted engine aped, and (3) relation & 
ccmpreaeor preeeure ra t io  t o  corrected air flow. The charauterietice 

. of the campreeeor axe e h m  by C O Z I ~ O W ~  of conetant efficiency end 
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lines of canstant  corrected engine speed presented on plots of 
cmpessor pressure ra t io  as a functian of corrected air flow. 
Data are preeented t o  show the ef'fect of altitude, flight Mach 
number, exhauet-nozele-outlet area, a d  corrected engine speed on 
the velocity prfiles at the campreseor outlet and rotor-stage 
etatic-pxmme  ratloe. A complete tabulation af ccmpea8or- 
performaaoe data ie presented in table I. 

Canpreeeor Operating Lines 

Ef'fect of altitude. - The effect of altitude on the  caupeseor 
operating lines is shown in f igure 8 .  At camected englne ape& 
b&ow 6000 rpn, the operating l ines  showing the relation aP canpressor 
pressure ratio t o  corrected engine speed generalized t o  a single 
curve (fig.  8(a)).  Above 6000 rp, an increase in altitude caused a 
sh i f t  In the  operating line t o  higher pressure ratio8 such that at 
7900 r p  an Incream in altitude fram 5OOO t o  50,000 fee t  resulted in 
a 3-percent increme in preeeure ra t io .  This increase in preesure 
ratio at a constant  corrected engine speed I s  a result of the  decreme 
in canlffeesor efficiency with iwreaaing altitude largely due t o  the 
ed'fect of Reynolde number on ccmpressor perfomname. The operating 
llnes sharing the relation of' corrected air  flow t o  corrected mg3.m 
speed shifted tararCi. laver sir flows with tncrea~ing alt i tude over the 
entire range of engine speeds (fig. 8(b)). The decrease in corrected 
air flow emounts to 3.5 pement et e corrected engine speed a€' 
7900 rpn f o r  an increase in alt i tude fran 5000 t o  50,000 feet; this 
loss in xeiefit flow is likewise  attributed t o  the Reynolde number 
eff'ect on the compressor with increaere in altitude. The character- 
i s t i c  shape of the air-f low o m e  (f ig. 8(b) } 88 the engine approaches 
rated speed is a result  aP the air flow at the cmpreseor I n l e t  
reaching e choked condition and thereby limiting the flow throu& the 
engine. The effect of altitude on the relation af ccpnaressor preeeure 
ratio t o  corrected air flow is e h m  In f igure 8 ( c ) .  

Wf ect of f li&t Mach number. - The compressor pressure ra t io  
decrees& w i t h  an increase in f llat Mach  number (f ig. 9(a) ) , the 
greatest  shift taklng place at c o k c t e d  engine e&& below 6500 rpn. 
In general, inoreaeea in flight Mach number el i@tly Imre8sed the 
o a r r e c t d  &ir flow at all carrected engine speeds (f ig. 9(b)). A 
change in fliet Mach  number frcan 0.20 t o  0.97 at a corrected engine 
speed of 7900 r p  raieed the corrected clir flaw spprozimately 
1; pa~nae. A trend sb~lar to that in f l v  g ( a )  can be obervec~ 
for the O p e r s t l n g  line baaed OD. corrected air flow (fig. 9(c)); 

- " -  
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Effect of exhauet-nozzle-outlet  area. - A n  increase in exhauat- 
nozzle-outlet area caused a drop in  the canpressor peasure ra t io  
at any constant  corrected engine speed (fig. IO( a)  ); however, no 
signlf'icant change in corrected air flow occurred for any given 
corrected engine speed over the range of nozzles  investigated 
( f ig .  10(b)). Increasing the  erhauet-nozzle-outlet area result& 
in a decrease i n  ccmpe8or pressure ratio at any comtant  corrected 
air flow ( f ig .  IO(C)). 

Canpressor Xf iciency 

E f e c t  of altitude. - An increase in  al t i tude cauaed a decrease 
in capreasor  efficiency at al l  corrected air flows (fig. l l ( a ) ) .  
A t  rated engine speed of 7900 rpn, an inoreme in altitude f ra  5000 
to 50,000 feet  decre%sed the canpressor eff iciency from 79  to 72 per- 
cent. This loss of efficiency w i t h  increasing altitude is largely 
attributed t o  the Reynolds number effect on ccmpssor performance 
(reference 2). 

Effect of flight Mach nuniber. - A t  conetant corrected air 
flows less than 70 pounds per second, an increase in flight Mach 
number resulted in a loss of compressor efficiency (fig. ll(b)) . 
Above a corrected air flow crf 90 pounds per second, an increase in 
f l igh t  Mach nmber at constant corrected air flaw indicated an 
increase in canpressor efffciency. 

Xfect  of efiaust-nozzle-outlet area. - The effect of nozzle 
area on capreasor eff iciency ie shown f o r  altitudes of' 5000, 
25,000, and- 45,000 feet  at a f li@ Mach number of 0.20 in fig- 
ures ll(c), l l ( d ) ,  a d  l l (e) ,  respectively. At an altitude of 
5000 feet, t he  medium nozzle area of 302 square inches gave the h3&- 
est  cmpressor e9ficienciee below a corrected air flow of 90 pouede 
per second (fig. ll(c)) . A t  corrected air flows greater than 
90 pounds per second, an increase in nozele m a  resulted in  a drop 
in capreasor efficiency. The general trend x88 the same at 
25,000 feet  except that t he  reversal of the order af the efficiency 
curves occurred at a corrected a i r  fluw ctP apwoximately 80 poluade 

inch nozzle area gave the highest  cunpressor efficiencies f o r  all 
corrected air flows; and, at a coatan t  corrcected afr flow, any 
increase in nozzle area caueed a drop in  ompressor efficiency 
(fig. l l (e )  ) . 

per S e C d  (fig. l l (d)  ) . A t  45,000 f eBt, the 6tasdd 280-square- 

In general, the change i n  efficiency between corrected air 
flows of 60 and 90 pounde per second xas relatively emall far al l  

range of operation at cloae t o  maximum efficiency (fig. 11). 
' the conditions  inveetigated, which gives the crgll'pressor a wide 
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Characteristic Curves 

Compreeeor-perfomance characteristics for three altitudes of 
5000, 25,000, and 45,000 feet  at a flight Mach number of 0.20 axe 
presented in figures 12 and 13. These crws plots were condnucted 
using f igures 8 arrl. 11 and comparable curves of the data for  the 
other two nozzle coxfiguratiom. Inasmuch 88 the range in  com- 
pressor  pressure ratio wae small, because of the  limited nozzle-area 
variation, only the  operating line f o r  the standard nozzle has been 
superlmpsed on figures 12 anU 13. The length of the conetant speed 
lines is indicative of the  range of' operation of the compressor with 
the nozzle-area variation used in this investig&tion. A t  a given 
caqmessor pressewe-ratio azad a given corrected engine speed, an 
'increase in altitude resulted $n a decrease in corrected air flow 
(fig.  12). The operating lines & the trriicat- regtcna cs 
maximum efficiency sh l f t  t o  higher  cmpressor preaeure ra t io8 an3 
lower corrected air f lm wlth 8p hcrease in altitude. The shift  of 
the  region of mlmm efficiency l a  greater, which results in the cam- 
pressor operating lines shift ing towsrd the hi&. air-flow side of 
the region of maximum efficiency  (fig. 12). The maximum compressor 
efficienoy wae appoximately 87 peroent aril occurred at a corrected 
air flow cf 80 pound8 per second and an altitude of 5000 feet  
( f ig .  13(a)). This m e ~ r i m ~ m  efficiency occurred a t  a ca~~pressor 
pressure ra t io  nf approximsteu 3.5 and at a corrected englne speed 
of about 6300 rm. A change In altitude fran 5000 t o  45,000 feet 
caused a decrease in max3m.m ccenpres~or eff iciency for   the  range of 
nozzle meas investigated from 87 t o  about 80 percent ( f ig .  13). 

The velocity  prafile at the compressor outlet (fig. 14) waa 
eynnnetrical w i t h  no Mica t i an  of reversal of' flow at the blade 
roote. The data showed no general effect on the mlocity  profile 
or  average velooities wlth variationa in altitude (fig.  14(a)), 
f l ight  b h  number (fig.  14(b)), exhauet-nozzle-outlet area 
( f ig .  14(c)),  or  corrected engine speed (fig. l 4 ( U ) ) .  

The campreseor-rotor-atage etatic-pressure-ratio  profiles for 
variations in altitude, fliat Maah number, exhaust-nozzle-outlet 
area, an8 corrected engine a p e d  are preeented in figure 15. 

Front BP investigation of a turboJet engine in the, NACA Lewis 
altitude w i a d  tunnel aver a range of eimulated altitudes and f l ight  
Mach mmbers, the follarlng reeulte relating  to  the performance of 
the caupremor were obtained: 
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1. Increases in altitude f ran 5000 t o  50,000 feet  resulted 
in a  decrease i n  ccanpressor eff iciellcy at a l l  corrected air f lars . 
The loss of canpressor  efficiency  with  increasing  altitude ie 
largely attributed t o  the Reynolde nzmiber effect 001 ccmgressor 
performance. 

2. The change in efficiency between corrected air f l m  of 
60 and 90 pounds per s e c o d  is relatively amall f o r  all conditione 
investigated; 88 a r e ~ u l t ,   t h e  canpressor may be operated  over a 
wide range engine speeds a t  close t o  marhum d f  icienoy. 

3. !&e ccmpreesor operating lines shifted toward the high 
air-f low side of the region of peak efficiency aa the  altitude w88 
increased. 

4. %e maximum canpressor ef'f iciencg obtained waa approximately 
87 percent aad occurred at an altitude of 5000 feet  and a  Corrected 
a i r  flow of 80 muds per second,  which correeponde to a corrected 
engine speed of about 6300 rpn a k  a canpressor pressure r a t i o  
ue 3.5. 

5 .  The velaofty profile at the compressor outlet uas 
symmstrical and was unaffected in general by variations fn altitude, 
flight Mach  number, exhaust-nozzle-outlet -a, or  engine speed. 

Lsuis Flight Propulsim I;eiboratory, 

Cleveland, Ohio. 
National Advieory Connnittee f o r  Aermautics, 

1. C o n r a d ,  E. William, a d  Sobolewaki, Marn E. : ALtitude-Wbl- 
Tunnel Investigation of 547 TurboJet-Engine Performanae. 
NACA BM E9GO9. 

2. Wallner, Lewis E., and Fleming, William A. : Reynolds Number 
Effect on Axial-Flow Canpressor Perfonqance. ' W A  RM E9Gll. 
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Figure 5. = Instmunentation at engine lnlet,.atatlon I, 
1% Inches upatream of leading edge of inlet  gu1d.e vanes. 
Viewed A?m upatream, 
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Figure 6 ,  - Instrumentation at colqpressor inlet, station 2, 
5 inches upstream of leading edge of I n l e t  &de vanes 
Viewed  from upstream. 
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Correotad engine speed, N, r g m  
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Camgresaor &ah d e r ,  M, 

(b) Relation of corrected a i r  flow t o  o m e o t e d  engine speed. 

Figure 8. - Continued. Effect of altitude on. ooqpressor operating 
fine. Fli&t Maoh number, 0.20; exhaust-nozzle-outlet arm, 
280 square inches. 

. . . " . . 
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( c )  R e l a t i o n  of ocqpressor prssaure ratio to corrected air flow. 

Ffgure 8. = Concluded. Effect of altitude on oorqpressor opemtlsg 
line, Fllght Mach m e r ,  0.20; exhaust-nozzle-outlet area, 280 
SQ-6 inches. 
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(a) Relation of oaqpreesor greseara ratio t o  aorreoted engine speed. - 
Figare 9. - Effeot of flight Mach Pzmiber on compressor operating line. 
Altitude, 25sOO0 feet; exhaust-nozzle-outlet area, 280 square inches. 
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Compressor Maoh nupiber, U, 

(b) Relation of corrected air flaw t o  oorreoted engine speed. 

Hgure 9. - Continued. Effeot  of flight Mach number on compressor 
operating line. Altitude, 25,OOO feet; exhaust-nozzle-outlet area1 
280 square inches. 
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(b) R e l a t i o n  of oorreatea a i r  flow to oorreoted engine apeed. 

Figure 10. - Continued. Effeat  of exhaust~ozzle-outlet area on 
oolPpresaor operating 1h8. Altitude, 6000 feet; flight Maah 
number, 0.20. 
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( c )  Relation of compressor pressure ratio to corrected air flow. 

Figure 10. - Conoluded. Effeot of e&aust-nozzle=outlet area on 
oconpressor operating line.  Altitude, 5000 feet; fliet Maoh 
nuaiber, 0.20. 
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(b) E f f e o t  of fliat Mach ntmbe3?. Altitude, 25,OOO feet; 

exhauat-nosale-autlet area, 280 aquare inches. 

Figure 11. = Relation between ccmpreaaor efficienoy and correoted 
air flar. 
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(e) Effeot of exhaust-nozzle-outlet area. A l t i t u d e ,  45,000 feet; 
fligllt Mach llumber, 0.20. 

Figur0 11, - Concluded. Relation between coqpressor 8ffioiency.and 
corrected air flow. 
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(b$ Altitude, 25,000 feet. 

Figure 13. - Continued. Effect of' altitude on oompressor-wrformance 
characterletioa with operating lfne for minfmum exhaust-nozzle- 
outlet &re& super-oaed. F l i g h t  hkch number, 0.20; 8 ~ u s b l ~ O Z t ~ e -  
outlet area, 280 to 342 square indhee. 
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Distanoe f'rcnn 1-r wall,, in. 
(b) Effeot of flight Edaah number. Altitude, 26,000 feet; 
exbauat-nozzle-outlet area, 280 square inchee; c o r r e o t d  
engine apeed, 8026 rpm. 

Figure 14. - Velocity profi le  at aompreeeor outlef;. 
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Figure 14. - Conc3uBeB. Velooity profile at oonpressor out l e t .  
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Rotor stage 
' (a) Effect of engine speed. Altitude, 5000 feet; flight Mach 

nuniber, 0.20; e-ust-nozzle-outlet area, 280 square inches. 

Figure 15. - Concluded. Ccqressor-rotor-stage static-pressure-ratio 
profile 
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