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By Albert 0. Rose Jobn R. Eeterly 

aa8 3. Caz!r Xettlss 

The performance chaxacterfstice of the c e n t r i m  caqpmasor 
of a J33 Jet-propulsion engine inetaJled on a b e t  etand were 
detemined. The lnveatigaticm waa capdacted over a range of 
cmpressor-lmplbr tip speeds between 1025 aad 1435 feet per 
eecond Etnd a range of turbine-inlet temperatume between 1425O 

in service  operation, waa made poeeible by the attacbmnt of a 
dynammtem to the englney which pemitted the wed to  be held 
constant  over  the range of turbine-inlet  ta~geraturea. The per- 
fonaance characteristice ase presented aa functicms of air flow 
a d  ccanpreseor t i p  epeeds corrected to aea-level atat lc  cMditione. 

2000~ R.  hie range of perfomance, mater than that coverea 

Ths mFlrimrrm cosapreesor efficiency obeerved was 73 perceat at 
a compressor-impeller t i p  epee& of 1025 feet per e e c d  and a pree- 
sure ratio of 2 .W. The efficiency varied approximately 3 percent 
a8 turbine-inlet termperatwe ma varled at each of the ezlgins 
speeds inveatigated. A t  a comcted ccmgressor-%~ugeller t i p  speed 
of 1435 feet  per aecondy the canpressor  efficiency waa 71.2 percent; 
the corrected ccmpreaeor air flow vas 65.6 pound8 per escond; the 
ccmpressor pressure ratio was 3.52; and the cmpreeeor preeaure 
coefflcient was 0.656. 

The efficiency contonre on the ccmpreseor performance chart 
d 

c o m = a  that the Jet angine O p m a t e 8  at c a m t l a n s  such that the 
quantities of afr consumed are greater than thoee for maxhmm caaa- 
pressor efficiencg. 
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DESCRIFTSOR OF CYIMVHEGSOR 

The oompreeeor unit of' the J33 (140) engine i e  uonrprised of 
an lqpeller, a camgreeeor awing, a diffueer, bearing aupports, 
guide Blades, aad trues m e .  

The double-entry oentrifugal impeller (fig. 1) fs mschined 
from an aluminwn,forging; ea& Elide has 31 blades that disuharge 
the air in to  8 oamtp13n diffuser. The outem blade tip diameter i a  
30 inuhee and the imaer blade tip diameter le, 1% fnuhee. The 
diameter of the impeller hub is 8 W e s .  The axial width  of the 
impeller hub is  11 inuhee and the axla1 w i d t h  of t h e  impeller at 
the outer blade tiss is 2.75 i n u b e .  The impeller is supported on 
antifriation bearinge by etub erhafta attaohed to the front euIlf the 
rear & is d i r e c t l y  conneuted to the turbine. 

The oompreeeor uaeing oansiete of two mgnesium-alloy 
aaeinga, whiuh are separated axially by a msgneeium-alloy diffuser. 

The diffueer i e  -st with 14 channels radiating outwards on 
a l l  sides, which dietribute the air into the 14 air adaptere l e a d i n g  

1 

t0 tb 14 OO&U8tiOn nhamhnr0. 
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A t russ  ring i b  bolted t0 each side of the campressor casing 
and serves t o  support the compressor-bearing supports. The guide 
blades occupy the space under the  truss  rings an& direot  the air 
into each eide of the impeller. 

The compressor was designed t o  develop at sea  level a preosure 
r a t i o  of 4 .O with an air  flaw of 80.0 pounds per a e c d  and a 
turbine speed af U,500 r~pn. 

The compressor w a s  Fnvestigated as a colapanent of a 533 engine 
that was directly coupled t o  an inductor-brake dpmometer and 
mounted 011 a bedplate suspended on Cables. This suepermion 
aff'orded measurement of Jet  thruet, which was determined by a strain- 
gage weighing device developed at the NACA. A t a i l  pipe 21 inches 
in diameter Eand 60 inches in length was attached t o  the engine tail 
cone. The air-flaw charaoteristics of the engine were not altered 
by the  Fnstallaticm and. ambient conditions for the -he during 
the  investigation were sea-level atmospheric. 

The engFne m a  instrumented t o  obtain gas temperatures and 
pressures a t  the  statione sham in figure 2. Measurements of total 
and s t a t i c  pressure and temperature at station 1 indioated ambient 
conditions. A t  statim 2, alternate air adaptere contaLned an iK111- 
constantan thermocouple and a pitot  tube BO located in the air 
stream as t o  give  representative values of t o t a l  and s t a t i c  pres- 
e w e .  The thermocouples were of the unshlelded ty-pe, and the sbatic 
and t o t a l  pitot  pressure  tubes were designed and fabricated according 
to A.S.M.E. standarde. 

Conditions a t  statim 4 were determined from total-pressure, 
static-preissure,and  temperature  inatrumentation installed in a tail- 
pipe section 4 inches lmg, which was attached to   the engine t a i l  
cone. T h i s  instrument ring contained 2 statlc-pressure  tubes, 
2 total-pressure tubee, and 14 unshielded thermocouples and ie 
eimilar  t o  that used  by the General Electric C a m p m y  f o r  e t a t i c  
callbrat ion of engines. 

The fuel flow t o  the engine was measured by a calibrated rotam- 
eter. 
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SYMBOIS 

The follawing Symbols and value8 are used in'this report: 

-8, (as. ft) 

speed of sound i n  air, (ft/sec) 

speoffic  heat of gas  at  constant  pressure, (Btu/lb/'R) 

specific heat of gas at  constant volume, (Btu/lb/%) 

diameter of rotor,  (ft) 

acceleration OT gravity, (ft/sec') 

mechanical  equivalent  of  heat, 778, (f't-lbfBtu) 

correction  factor for gas flow, 0.81 

Mach number 

engine speed 

total pre8sur8, (lb/sq in. absolute) 

static preesure, (lb/sq in. absolute) 
gae  canstant, 53.3 

shaft horsepower (measured on dynamometer) 

total  temperature, (OR)  

static  temperature, ( O R )  

campressor-i~npel~er tip speed, (ft/sec) 

velocity,  (ft/sec) 

weight flow, (Ib/eec) 

ratio of specific  heats, ( cp/Cv) 

ratio of campressor-inlet  tqtal pressure to NACA standard 
sea-level pressure, 2?1/14.7 

. 

0 
(0 
Q) 

. " 

I 

c 
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q efficienoy,  percent 

8 ratio of compressor-inlet  total  temperature to XACA stand- 
sea-level  temperature, T1/518.6 

p density,  (lb/cu  ft) 

$ oom-pressor  pressure  coefficient 

Subscripte : 

1 compreseor  inlet 

2 compreesor  outlet 

3 turbine  inlet 

4 tail-pipe  fnetmunent ring 

a a i r  

c campressor 

t turbine 

Mach number. - The compressor Maoh number is d e f  bed ae the 
ratio of the  speed of the  cnmpresaor-blerde  tip8 to the  velocity of 
sound 3x air at the  total  temperature of the inlet air. Thie  Mach 
number is repreeented by the dimensionlee8 ratio 

Temperature. - The tall-plpe  etatlc temperature WBB not 
directly  indicated because an unshielded thermooou3le in a gaa 
stream of appreciable  velooity  indicates  the  static  temperature of 
the gas plue some part of the  difference between atatic  temperature 
and total  temperature. The proportion of thic  diiference, or 

.. 
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dynamic temperature AT, that is indicated depends on the Mach 
number of the f l u i d ;  however, a value of 0.6 for the  proportion can 
be used throughout the operating  ran& Kith reasonable acouracy (ref- 
erence 2 ). Thus 

T i , 4  t 4  + 0.6 AT 

2 5  

AT = tq kz) ’ - 

A di rec t  measurement of turbine-Inlet  temperature is both  difficult  
and unsatisfactory. A value that indicates the trends of this tem- 
perature w i t h  reaaonable  accuracy  can be obtained by measuring  the 
t o w  temperature of the gas after the  turbine and adding  the value 
of the  equivalent  temperature  drops of the  cmpreesor work and of 
the shaft power. 

A i r  flow. - A direct measurement of the a l r  Wucted   in to   the  
engine wae impossible w i t h  the tm of engine ina ta l la t ion  used. 
The engine air flow wa8 computed from values of gas temperature and 
pressure observed a t  the  tai l-pipe inetrument ring (stat ion 4) .  

The ahple   expression  for   the weight of gas flow through the 
t a i l  pipe i e  

wg = A4V4P4 (6) 

The expression  for  the  velocity of the gas in terms of the 
difference between e t a t i c  and t o t a l  temperature 18 

c 
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The relation between  the a ta t ic  temperature of the gas and the 
total and static pressures of the gas i e  

( 8 )  

The equation of state for  a perfect gas gives the follmlng 
expression for density: 

P4 
P4 = - 

=4 

When the values obtained from equations (4) , ( 7 ) ,  ( 8 )  , and 
(9) axe substftuted in equation (6) , the final expression for weight 
O f  @S flow is 

31g = R T i , 4  (10 

A correction muet be applied to the tail-pipe area t o  allow for 
the  effect of the boundary layer on the   to ta l  and static pzpssures 
aasociated with the true average velocity acroaa the tail-pipe 
section. Account i e  taken of these two factors by assuming that 
81 percent of the calculated  value represents the true value. The 
constant IC, which apgears in equation (10) , m e n s a t e s  for these 
factors. This constant applies only t o  the codiguration of pree- 
.sure tape used fn the tail-pipe Instrument ring and is the same a8 
that used by the General Electric Company. In order to obtain the 
weight of air f l o w ,  the weight a9 fuel flow was eubstracted from the 
corrected. gas flow. 

The follaring parameter was used 
sea-level conditione: 

8 

EffFciency. - The expressibn for 
the compressor is 

the adiabatic efficiency of 



8 W C A  RM No. IBB27b 

- isentroDio temerature rise 
- 1 0  - actual  temperature  rise 

Pressure coefficient. - The' oompreasor  pressure  coefficient  is 
defined a6  the  square of the  ratio of the  compreseor-tip  Mach  number 
theoretically required to  produce  the  observed preseure ratio to the 
tip  lkch  number  actually  preaent. 

Sea-level  static  compresaor  performance  oharacteristloe 
presented herein are based oa turbine-inlet  temperatures and 
compressor-impeller tip speeds &e engine operating  variables.  All 
parameters were generalized to NACA standard  atmospheric conditlms 
at  sea level (reference 3). AII operating line that represents the 
relation  between  the  compreaeor  presaure  ratio and compressor-tip 
Mach number for a turbine-inlet  temperature of 2000° R is shown in 
figure 3. The poeition of the operatiq line w i t h  reepect to the 
coordinebtels is a f'unctian of the  turbine-nozzle  area,  the  ratio of 
the  turblne-nozzle-Inlet  temperature  to  the  oompreesor-inlet  tem- 
perature, and ram pressure. 
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Values of compressor  efficienoy  calculated by use of equa- 
tion (11) plotted. against corrected  air flow for varioue compressor- 
impeller tip speeds are shown in figire 4.- The air flow through t h e  
compressor  decreased  with an increase in turbine-inlet  temperature at 
canstant compressor-impeller tip speeds (fig. 5). At a compressor- 
impeller  tip sped of 1435 feet per eeoond, the efficiency was 
71.2 percent f o r  a corrected air flm 09 65.6 pounds per seomd and 
69.0 persent for a Corrected air flow of 68.1 pounds per seoond 
(fig. 4).  Efficiency  decreased Vlth increase in air  flaw; the 
range of efficienoiee, of the order of 3 percent, waa approximately 
the same for each  cmpreesor-impeller  tip speed. The highest 
observed value for compressor  efficiency w&a 73 percent at a 
compressor-impeller tip speed of 1025 feet per  second and the  lawest 
value m e  approximately 69 peroent at a compressor-impeller  tip  speed 
of 1293 feet per mcand. ' 

Variation of oompressor prelsaure coefficient with change In 
corrected air flow at several ompressor-impeller tip speeds ie 
shown in figure 6 .  A t  each tip speed, the  pressure  coefficient 
decreased with an increaee in air flaw. The maximum pressure 
coefficient, 0.707 (fig. 6 ) ,  m a  obtained at a prerssure ratio of 
2.04 and an air flow of 38.6 pounds per second at a corrected 
compressor-impeller  tip speed of 1025 feet  per  second (fig. 7). At 
a corrected oampreseor-impeller tip speed of 1435 feet pes  second, 
the maximum ccxnpr6seor  effloianqy was 71.2 percent at correcteil air 
flaw of 65.6 pounds per seocd,  the pressure ooefficient was 0.656, 
and pressure ratio waa 3.52 (fige. 4, 6 ,  and 7 ) .  

The performaace chart of the oorupreseor at several effi- 
ciencies  covering the range of conditions  inpeatigated is shown in 
figure 7 .  The operseing line for the engine with a 19-inch nozzle 
is superimposed on the figure to indicate the relation  between  the 
range covered in this investigation and the jet-engine operating 
range. The curve shows that the Jet en&ne operates at conditions 
such that the quantities of air consumed are greater than those for 
maximum cOmpree8or efficiency. The minimum air flow fo r  each 
campressor-impeller tip sped ma8 -it& in each -88 by turbine- 
inlet temperature and. not by compressor surge over  the ran& inves- 
tigated. The compreseor &owed no evidence of eurglng. . 

The fol lar ing results  were obtalned in an investigation of the 
performance of the centrifugal  ccrmpreesor  of a 533 jet-propulsion 
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engine over a range of turbine-inlet  temperaturea between 1425O and 
2000' R for corrected  compressor-impeller  tip a p e d 8  of 1025, 1152, 
1293, and 1435 feet per seccmd: 

1. Compreesor  efficiency  varied  approximately 3 percent  over 
the  range of air flow at each compreasor-impeller  tip a p e d ;  the 
highest  observed  value was 73 percent  at a compreseor-impeller  tip 
speed of 1025 feet per second and a preesure ratio of 2.04; the 
loweat value was approximately 69 percent at a compressor-impeller 
tip  speed of 1293 feet  per  second. 

2. The leaximum pressure  ratio  observed -8 3.52 at a corrected 
compressor-impeller  tip  speed of 1435 feet per  second, a corrected 
air flow of 65.6 pounds  per aecmd, and a compressor  efficiency  of 
71.2 percent. The maximum preesure coefficient observed was 0.707 
at-a compressor-impeller tip aped of 1025 feet per second;  %hi8 
value decreased to 0.656 for the highest  campreasor-impeller tip 
speed . 

3. The effioiency  contours on the cmpreasor performance chart 
confirmed  that  the jet engine operates  at  conditions  such that the 
qhautitiea of a i r  ccrnsumed are greater than those for maximum eff i -  
ciency . 
Flight Propulsion Research Laboratory, 
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F i g u r e  I .  - J33 double-entry centrifugal impeller. 
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. Figure 2. - Cross section o f  533 engine showing cyc 
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Figure 4g - VafiatfOn o f  compressar eff lcfency with corrected a i r  flow a t  four compressor-lmpetler 
t i p  speeds. 



Cornsated air flow, la #/&, lb/sec 

Figure 5. - Variation o f  turbine-inlet  temperature w i t h  corrected a i r  f l o w  at four campressor- 
impeller t i p  speeds. 
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Figure 6. - Var ia t ion  o f  compressor pressure  coeff lcisnt  with  corrected a i r  f l o w  a t  four compressor 
impel ler  t i p  speeds. 
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