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SUMMARY 

An investigation was made  to  study  the  performance  characteristics 
of &z1 impulse axial-flow compressor  rotor  over a wide  range  of  operating 
conditions.  The  high-turning-angle  low-static-pressure-rise  rotor 
reported  in NACA RM LgJ05a wai tested  with  constant annulus area at 
several  values  of  blade-angle  settings in addition  to  the  one  for  which 
it was  designed. A large  range  of  quantity  rates of f l o w  was used i n  
testing,  and specid attention w a s  given  to  stall  conditions. 

A maximum total-pressure-rise  coefficient  of 3.00 at 93 percent 
efficiency w a s  obtained  with a static-pressure-rise  coefficient  of -0.49 
by  operating  at a blee-angle  setting 18' above  the design value. A 
maximum static-pressure  coefficient  of 0.53 at 90 percent  efficiency w a s  
obtained  with a total-pressure  coefficient of 1.64 using a blade  angle 
go below design. At the  blade-angle  setting and cpantity-flow  coeffi- 
cient of the  original  design, a total-pressure  coefficient of 2.10 and 
a static-pressure  coefficient of 0.39 were  obtained  with an efficiency 
of 93 percent..  This  investigation also produced  new  information on the 
stall characteristics of impulse  blading and on the  conditions  under 
which  the  rotor  would  induce  steady  flow. 

INTROJXJCTION 

The  investigation of reference 1 was made  to  determine  the possi- 
bilities of obtaining  high  total-pressure  coefficients by applying a 
constant-pressure,  high-turning  principle to the  design  of an impulse 
axial-flaw  campressor  rotor.  The  rotor wa8 designeg  to  operate  with 
an inlet air angle  relative $0 the  rotor p1 of 45 and a turning 
angle 8 of 75O. The  static  pressure  across  the  rotor was maintained - 
constant  by a 20-percent  decrease  in  annulax  area through the  blades, so - that  at  these low test  speeds,  the axid velocity incremed about 20 per- 
cent thi.augh the rotor. A total-pressure  coefficient  of 2.3 was  obtained 
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with a rotor  efficiency of 98.3 percent. Thls rotor  waa a lso  tes ted with 
stator  blades. ins ta led  downstream. I n .  this. .inve.etigatian,  the perform- 
ance of the test campres8or.w measured mer. a range of -quantity-flar 
coefficients  at  a constant  speed of  1200 r p  $th the  rotor  blades set 
at the design angle. 

- .  -. 
1 

- 

The design of an efficient axial-flow compressor fstage i n  which 8 
considerable  increase in axial velocity acro8s  the  rotor  occurs is diffi- 
cul t  because the  velocity  entering  the  stators ie high and the  ent i re  
static-pressure  r ise m a t  be produced by the s ta tor .  Such stages do not 
lend themselves readily  to  multistaging  ewce ?_he re lat i2e  veloci t ies  
reach  prohibitive  values in a f e w  stages. The present  investigation wae 
intended t o  determine whether high turning  angles and high total -presake 
coefficients  could be obtained when the  rator-produces a signiffcant 
static-pressure  r ise.  The rotor  used was the. same & that   tes ted i n  the 
investigation  reported in reference.1,  except  that  the miulus  area - 

through th is   ro tor  waa maintained  constant. , In- these low-speed tes te ,  
therefore, a virtually  constant axial velocity and an increasing  s ta t ic  
pressure were obtained.  In.  addition,.  f'urther  informatian was desired as 
t o   t h e   a b i l i t y  of  Fmpulse rotors t o  induce a- f l o w .  in   the  '&sired direction. 

. .  

. . 

. . .  
. .  

. .  

. .  

To obtain this information,  the  imulse  rotorowas  tested  aver a wide 
range of blade-angle  settingss,,..fr.om. 9-0 below- . t . o  . 2 4  ..above the original 
design  setting. Performance measurements e r e  W e  for  each of these . 
condition8 a t  a constant  quantity-floK  coefficient. A t  three  blade-angle 
sett ings,  corresporgling to   t he  design  condition and t o  tihe upper and lower 
limits of useful  operating range, the performance of this- rotor was  de€er- " 

mined mer a range of quantity-flow  coefficients. The s t a l l i ng  phenomena 
were investigatedl i n  aome de-tail f o r  IJ- blade-angle settings. 

. . . . . . . - . . - - 
. .  
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SYMBOLS 

D diameter, fee t  . . .. - ,  I " 

h blade height, feet " 

m maas ra t e  a F f l a u ,  slugs  per second 

n rotor speed, revolutiom per second. 

Pt  

ps 

total  pressure, pounda per  square foot 

static pressure, pound6 per square foot 

Q quantity  rate of  flow, cubic feet per secund 
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I 

dynamic pressure, pounds per square foot 

radius,   feet  

velocity of rotor  blades,  feet  per second 

velocity of air ( re lat ive  to   casing) ,   feet   per  second 

velocity of a i r   ( r e l a t ive  t o  ro to r ) ,  feet   per second 

. angle of attack,  degrees 

design  angle of attack, 43O at inboard  section, 25 percent of 
blade  height from hub 

stagger  angle,  degrees  (see fig. 1) 

adiabatic  efficiency 

turning  angle,  degrees 

air density,  slugs  per  cubic  foot 

blade-angle sett ing,  degree8 

design  blade-angle set t ing,   (see  f ig .  1) 

quantity-flaw  coefficient 

qumtity-flow  coefficient at which ad is obtained 
. "  - " 

angle of air flow  with  reference to   the   ro tor  axis  in   s ta t ionary 
coordinates,  degrees 

static-pressure-rise  coefficient 

total-pressure-rise  coefficient 
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Subscripts: 

a axial   direction 

i inboard  section 

0 outboard  section 

t tip .. 

tan  tangential 

1 stat ion upstream of rotor  blades (see fig.  2) 

2 s ta t ion downstream of rotor  blades  (see  fig. 2) 

APPARATUS AND TESTS 

The 7Fhorsepower I&-speed test compressor used in  the  previous 
investigation as modified for   these  tes ts  is indicated in figure 2. The 
in i t ia l   ro tor   t ip   c learance  was approximately 0.012 inch,  or less than 
one-half  percent of the  blade  height. A teat.  run wa8 made. with the 

assemblbg the  rotor,  the 3-inch-long blades were  trimmed t o  give a t i p  
clearance  constant from leading edge t o   t r a i l i n g  edge a t   f d  ofapproxi-  
mately 0.090 inch (3 percent h) ,  and the 8- t e s t  was repeated.  This 
large  clearance was needed for  later tests t o  keep"€kie-blade-tip  corners 
from striking  the  outer  casing  at  high  blade  angles. Comparison of these 
two runs indicated  the  effect of greater clearance. Flaw surveys were 
made a t   s ta t ions  1 and 2, ane-hdf chord fore and aft of the  rotor, ueing 
instruments of type I ( r e fe rence .1 ) .   Pe r fomce  teets, aa described i n  
reference 1, were run at 1000 rpm.  Those investigating  start ing and 
s t a l l i ng  phenomena were run at various  speeds. 

original  blade  setting &t designquantity flow  @d = 0.80. Witha t  d i S -  

Flow-inducing tests.- A number of t e s t s  were made t o  determine  the 
range of blade-angle sett ings 5 for wbich the rotor would induce flow 
in  the  desired  direction. In addition,  information  concerning  the  usable 
operating range of .( was obtained. The start ing,  running, and s t a l l l ng  
characterist ics of the  rotor were observed at 3O increment8 of 5 ,  from 
go below the  design  value, f d - go, t o   2 c a b a v e  design, ca + 24-0. The 
performgnce of the  rotor waa meaayed at an approximately  constant  quantity- 
f low coefficient, @ % Q.80 .for all of these - values,  except f d  + 24' 
for  which steady flow cauld'hot be obtained. 
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Performance tests Over a range  of flow coefficients  for three blade 
settings.- Performance tests were made Over. a range of quantity-flow 
coefficients 0 for   the design blade setting  angle C d  and for   the 
upper  and lower limits of the  practical  operating range, + 18O &d 
td - 9 , respectively  (fig.  3). A t  Cd, seven runS &re made covering 
the  range of 6 &om near stall  t o  well 8gw.e the  design  condition 
(0 = 0.54 t o  1.01). The tests at Cd + 18 were similar, but a t  t h i s  
condition  the msxfmum 0 obtabable  with  the  existing test  equipment 
was 0.90 which was considerably below the  1.56-value needed t o  give  the 
design  angle  of  attack. The design  angle  of  attack was defined 88 43' 
at the  inboard  section  for a l l  values of. C. 

0 
" . . 

A t  cd - go, tests were made wfth relatively  large  values of Q 
up t o  1.12 in additicm t a  the usual range. This was  done so  that  opera- 
t i on  under conditions 'of  negative stall, a flow  separation  that o c w s  
on the concave surface of the blade at very low angles of attack, might 
be observed. 

S t a l l  tests.- For the stall investigation, f l o w  directions  relative 
to   the   ro tor  were indicated by small nylon t u f t s  glued to   the   ro tor  and 
blade surfaces and t o  threads stretched between blades. Approldmately 
60 t u f t s  were used.  Three threads with f ive   t u f t s  on each were stretched 
between adjacent  leatling'edges a t  three  radial   posit ions.  Three similar 
threads -were stretched between adJacent t r a i l i n g  edges. Two threads 
were suspended between blades-at  about  the  50-percent-chord  point at one- 
t h i r d  and two-thirds  of  the blade height f r o m  the blade root  section. 
Ten or  twelve t u f t s  were glued t o  both convex and concave blade  surfaces. 
The t u f t s  were spread  over miny blades so tha t  no t u f t  was in the wake 
of  another  tuf't  or  thread. Flow directions  in  stationary  coordinates 
were indicated by t u f t s  glued to  the  inner  case upstream and downstream 
of  the  rotor.  The tuf ta  were illuminated with intenae  stroboscopic 
lights placed far upstream end far downstream of the  rotor  and triggered 
by a contactor on the  rotor  shaft .  The t u f t s  were observed through 
transparent  ports in  the test  blower outer case. 

As is discussed  hereinafter,  under  certain  conditions  the flow 
fluctuations  had  periodic  chazacterietics and for  such  cases  the fre- 
pency w a s  measured by illuminating the t u f t s  on t h e   h n e r  case with a 
Strobotac. The quantity-flow  coefficient 0 wab determined by com- 
pazison of ql values  taken upatream  of the  rotor  at the mean diameter 
trith a curve of ql versus 0 obtained from complete surveys. The 
0 values computed by this method may be i n  error  as much 88 10 percent 
or more during  surging oper&ion,  but are considered t o  be suff ic ient ly  
accurate t o  provide a quali tative  picture of stall phenomena. 
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RESULTS ANI] DISCUSSION 
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Allaperformance  values  presented were calculated f r a m  flow  survey 
data by the methods described  in  reference 1. A8 i n  that investigation, 
the  static-pressure  redings of the  instruments were calibrated t-o an 
accuracy of fo.2 percent of the dynamic pressure,  and-the direction 
readings were accurate t o  ;t1/4'. The efficiency  we-corrected for dif- 
ferences  in  the ma88 f la re  measured a t   s ta t ions  1 and 2, aa described 
in  reference 1. The results  presented  are believed t o  be r e l i ab le   t o  
within 1 or 2 percent. . Figures 4 and 5 present  the  differences  in mass 
flow measured at the two s ta t ions   to  show the i r  magnitude and give an 
indication of the  accuracy of this  work. 

General  Operating  Charact.eristics 

Starting and running.- In reference 1, the aseilmption waa made that 
the  rotor'could  not induce a flar in  the  desired  direction unless the 
entrance air direction PI had a larger  inclination from the axis than 
the exit a i r   d i rect ion j32. A second  assumption waa th.at  the  leading 
edge of the rotor  blades  should prece8e"the trail.U@; edge & the  direc- 
t ion of  rotation.  This second  assumption is  based upon the  supposition 
thatr the flow will pass through the  blades from the sidle a t  which the 
blade mean line makes the  larger angle rroni-the.axis. Therefore,  with 
circular-arc mean-line blades, a8 ueed i n  this investigation,  the direc- 
t ion  of flow would depend  upon  which edge preceded in  the  path of rota- 
tion. An advancement  of the blade angle more than 2' above ( would 
cause the  t ra i l ing edge t o  precede a t t h e  inboard.section  (located 

25 percent h from the hub) o r  an angle  increase more than. l lL would 

do the.8ame for  the  outboard  section (25 percent h f'rom the   t ip ) .  If 
t h i s  second  assumption is valid,  the  angle above  which flow m l d  not 
&.induced in  the  desired  directton would: be within  this approximate 
range. 

0 

2 

The rotor waa tested with a large  range of  blade-angle  settinge, 
cd - 9' t o  <d + 24O, t o  determine the  s tar t ing and running behavior. 
A t  the lowest blade  angle  tested, - go, the  total-  and static-pressure- 
rise conditions  through  the tes t   sect ion were similar t o  conditions i n  
the  usual  axial-flow cciiupressor. The s ta r t ing  and running characterist ics 
were a l s o  found t o  be similar. 

Hysteresis  in  start ing w a s  observed; that is, laxger  thrott le 
sett ings were necessarry t o  starrt with  unstalled flow than  the  settings 
that were used t o  reduce the f l o w  t o  the stall point  after smooth f l o w  
had been established. The flow started  siraultaneously  with  the  rotor 

L 
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and continued smoothly Over a wide range of 6. A t  blade-angle sett ings 
several  degrees  higher,  the test ccqressor  showed very l i t t l e  change in 
general  behavior. . . . .  

A t  f d  + 120,. some changes in the   s tar t ing  character is t ics  occurred. 
A t  t h i s  blade  angle and all higher ones to f d  + 21°, no hysteresis of 
the f low waa observed, and the test compressor would start with  steady 
flow i f   t h e  t h r o t t l e  position w a ~  set at o r  above the ninhtm point  for 
u n s t d l e d  operation,  approximately 1/2 or above. Thus, when s ta r t ing  
the  throt t le   did not have t o  be opened  beyond the minimrun point as i s  
necessery in the  case of conventional axial-flaw c q r e s s o r s .  However, 
the   s ta r t ing  of the aLr 'flow w a s  observed t o  lag behind tha t  of the 
rotor  and at the  next  blade setting, fd + 15O, t h i s  tendency w a s  more 
pronounced. Under usual  operating procedure, i n  wbich the  rotor waa 
brought up t o  speed i n  10 t o  15 seconds, the flow began several seconds 
a f te r   the  ro to r  began rotat ing and did not  reach a s t e a d y  s t a t e   u n t i l  
several seconds after the  rotor  reached test speed.  This  delayed-starting 
tendency was even more evident at 18a abwe fa, tmg-approx ima te ly  
10 seconds at loo0 rpm, or  X) seconds a t  500 q m  t o  start flowing. Once 
started,   the flow increased  rapidly to a steady-state  condition. A f t e r  
the f low reached  steadyratate  conditions,  the  operation of the compressor 
w a s  quite normal, a change of flow rate occurring  simultaneously  with  a 
change in rotor  speed. The 18O abwe <a condition was the lowest 
s e t t i ng   t e s t ed   a t  Wch all points of the   t ra i l ing  edge preceded any 
point OT the leading edge in the  direction of rotation. 

A t  21° above (f ig .  6 ) ,  when the r o t o r  speed wa8 brought up t o  
500 rpm, there appeared t o  be no axial  air flow  present. Hawever,  smoke 
introduced at   the   exi t   indicated a slow drift of air in the  reverse 
direction. When the  rotor  speed was  increased t o  1000 r p m ,  the reverse 
flow became unsteady and started  surging. A t  each  surge, 60me a i r  was 
observed  going in  the  desired  direction  for a short time. A f t e r  one of 
these  surges, a small flow in the  desired  direction  persiated, and then 
rapidly  increased  to the usual  rate. A f t e r  the flow was established, it 
remained smooth and s table  throughout a range of quantity f l m  and 
r o t o r  speeds. 

A t  cd + 24O, a steady flow in  the  desired  a i rect ion could  not be 
established. During operation at 1000 rpm, the air flared  slowly  in 
the  reverse  direction  with an occasional  surge  that  caused a momentary 
flow in  the  desired  direction. Doubling the  rotor speed  increased  the 
violence of the surges, but the flow would not continue in the  desired 
direction. It is believed  .that, i f  flow had been established by e-ernal 
mew,   the  f l o w  prohably would have  contfnued,  but f a c i l i t f e s  were not 
available t o  try this. 

. .  
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It w&s desired t o  determine the val idi ty  of the first design 
assumption of  reference 1, tha t ,   to  induce the flow i n  the desired 
direction,  the  entering  stagger angle s h m d  be greater   than-the  exi t  4 

stagger  angle. To  do th-is, .a determination. wasl_...me of the  e n t r a c e  . 

and ex i t  air dfrect ion  re la t ive  to   the  rotor  at the mean diameter of 
the annulus for  all tests. It w a s  found that  the  entrance air direction 
had a larger  inclination from the  rotor a x i ~  than  the e f i t  a i r   d i rec t ion  - 

( e l  > 02) for a l l   t e s t s  except the one with  a  blade-angle se t t i ng   a t  
210 above design. Even then,  nearly  half  the  blade was operating  with 
p1 > p2. It is  appwent  that  th.e.nain  deaign  asswtion  concerning 
flow-inducing c r i t e r i a  w8.a satisfied. 

. . . . . . . . 

. .  . .. . . - 

Applying the seconG deaign assumption of reference 1 concerning the 
effect  of the  relative  posit ion of the  leading  md.trail ing edges on . 

the flow-inducing ab i l i t y  of the  rotor,  blade-angle  settings above llLo 
would not be expected t o  induce f1ow.h the  desired  direction. However, 
the  rotor was a'ple t o  induce  such f l -   a tb lade   se t t ings  well above 
t h i s  value;  consequently, it appears.  that.  the  airfoil shape and the  inlet-  
and outlet-passage  configuration had a favorable  effect on the   abi l i ty  
of the  rotor   to  induce the desired flow. 

2 

.. . 

Pressure-rise  stalling; at l o w  blade angles.- A t  low blade-angle 
settings, Cd - go t o  Cd + 30, there was a static-pressure  rise  across 
the  rotor a t  a l l  diameters aa i n  the  conventional axial-flow compreeeor 
and the stall phenomena were similkr t o  those  prwiously observed I n  a 
conventional compressor i n  an unreported  hvestigation. In  both  caaes, 
the  unsteady  flow  that  occurred  during stalled  operation WBS due t o  
reversed flow through'a  region occupying approximately 15 t o  40 percent 
of the annulus.  circumference and area,.and  extending from the  entrance 4 

cone through the  rotor and into  the diffuser. Thia region of reversed 
flow rotated about the annulus  with  the angular velocity of the a i r  
downstream of the  rotor and the   ro tor   bwes   passed  through the  region 
of reversed flow. I n  the impulse blower,. the-regi-on  -rotated fa8ter .. 

than-the  rotor  blades. I n  the  conventional compressor, the  opposite 
was true. Thia flow pattern w a s  observed in   the impulse coxnpressor a t  
the 0 and 5 value8 I n d i e t e d  -In figure 7. The quantity  coefficient 
at which  smooth flow changes t o  srgging flow varies f'rom about 75 per- - 

cent a t  c a  - 90 t o  . .  4.0 percent . .  ad a t  fld + 15'. 

.. 

- i  

. . "". 

The reversed  flow is believed  to- be started and maintained i n  the 
fol lar ing m e r :  As the compressor is th ro t t led   to   the  stall point, 
the flow separatea f'rOm the convex surface of one blade or a group of 
blades  because of the  large adverae pressure  gradient on thia surface. 
Ideally,  this  sepazation should occur on all  blades. 8imltaneouely,  but 
a sl ight  difference in blade shape, blade-angle  setting, OT entrance 
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air   d i rect ion causes one o r  a group of blades t o  separate first. Sepa- 
ra t ion reduces  the  effective passage area at the  exi t  of the  s ta l led 
passages,  increasing the velocity and thereby  decreasing  the  static 
pressure behind the s t a l l ed  biades t o  a value below that   exis t ing behind 
the  adjacent  unstalled  blades. The higher-pressure a i r  behind the 
unstalled passages is accelerated towards the  low-pressure  region and 
moves upstream into  the  separated  layer of air which almost instant ly  
thickens  the  layer  until it constricts  the  entire blade-passage exi t .  
Simultaneuusly,  the air stream  entering  the  blade  passage i s  diverted, 
and reverse flow occurs through the en t i re  blade passage and extends 
forward into  the  entrance cone. The reversed flow increases  the axial 
velocity  required throughout the remainder of  the annulus for the same 
net f low out  the  throttle, and 80 reduces the  angle of  attack and s t a t i c -  
pressure  rise. A stable  condition of flow exists.  As the   throt t le  is . 
closed  further, a larger  portion of the annulus is occupied by the 
reversed flow. This permits  the a x i a l  velocity over the  unstallzd blades 
and, therefore, also the angle of  attack t o  remain more o r  less constant . 

even though the flow passing through the   th ro t t le  i s  diminished. 

Pressure-drop s t a l l i ng   a t   h igh  angles.- The f low pattern  described 
above cannot occw  unless  there is a static-pressure  r ise  across  the 
ro tor .  Unlike  the  conventional compressor, the impulse  compressor h a  
a  static-pressure drop across the  rotor  at root and,mean diameter  sec- 
t ions when operating at high  blade-angle  settings. Mgure 8 shows the 
pressure-rise  coefficienta measured at the mean diameter at   the  smallest  
quantity flow tha t  could be obtained  without  stalling. The stall c 

phenomena were found t o  be qui te   different   a t   the  high blade-angle set- 
t ings f r o m  those  observed atothe low blade-angle settings. A t  blade 
angles of  more than Sa + 18 , the flow was f ree  of pulsations o r  surging 
over a much wider 0 range  than at lower angles. As the f lar  was reduced 
t o  small quantities by t h r o t t l i n g ,  the  separation  point moved forward on 
the convex surface  unti l   the flow Over the  ent i re  blade surface was 
separated. The total-pressure rise decreased  rapidly,  but  there w a s  no 
surging even  though the  angle of attack at .the  inboard  section  increased 
about 60' above ad. A t  a blade-angle se t t ing  21' above design,  the flow 
was separated *om the  cavex  surface at the  highest  quantity f l a w  that  
could be obtained  with  the - e d s t i n g   t e s t  appazatus, @ = 0.77. Surging 
with  reverse f l o w  dfd  not  begin  until QI w&8 reduced t o  3 percent of @d 
(fig. 7). Although the  s ta t ic   preseure decreaeed through the   rotor  at 
root and mean diameter,  reversed  flow was possible becauee of  the static- 
pressure r i s e  at the  t ip  section due to  centrif'ugal  force. 

Stalling; at internmediate blade  angles.- A t  the intermediate  blade 
a angles, frm (d + 6O t o  Cd + 18O, regions of both  pressure-rfse and 

pressure-drop stall  were observed as indicated Ln figure 7. Reducfng 
the  quantity-flow  rate by thro t t l ing  t o  @ of about 0 .6  resulted in  E 

static-pressure-rise stall with  surging  similar t o  tha t  observed at   the  
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low value8  of (...This surging decreased in  severity,  however, when # 
further reduced t o  about 1/4 Od; &t this point  surging  stopped and 

steady flow, pressure-drop s ta l l ing,  similarr t o  that described  for  high 
values of (, was established. The pressure-drop st&lling .continued 
until .the quantity-flow rate x88 reduced to   very small values, 3 t o  8 per- 
cent Od, depending upon [ (fig.  7). . . The surging . s t a l l  began a-gain 
and continued t o  @ = 0. . Pressure-drop e t a l l i ng  WSB first observed  aver 
a s m a l l  range  of 0 at + 6 O ,  and occurred over an increasing range 
of 0 . a 8  ( increased. 

Further remarks.- The information  obtained i n  the  present  investiga- 
tion  suggests that a possible flow pattern of pressure-rise stall  in con- 
ventional  (reaction) compressors i s  not a separated  region  retainhg its 
position nlth r e l a t ion   t o  a pmt icu lar  blade, but is a reverse  flow which 
rotates  with the  tangential  velocity downetream of the rotor.  This f l o w  
pattern was clemly  evident in the impulse compressor (this investigation 
used only a rotor)  when operating with a static-pressure rise, and in a 
conventional compressor rotor  having a guide vane row upstream. In both 
cases, wben reverse flow first  occurred through the test section,  the 
flow discharging from the throttle was only  slightly unsteady, indicating 
that', i n i t i a l ly ,  t h i s  wae a stable flow condition. The flow remainec 
stable as the rate of flow waa reduced u n t i l  a large percentage of the 
annulus  contained  reversed flow. Separation i n  all blade passages prob- 
ably did not occur unt i l   th?  mean static-pressure  rise  across  the  rotor 
became s o  small tha t  the reverse flow could.no  longer be sustained. If 
a compressor can be designed t o  permit  reversed flow without  prohibitive 
turbulent mixing losses, a signfflcant gain i n  operating  range a t  full 
speed might be achieved. .h obvious possibi l i ty  i s  to   rec i rcu la te  some 
of  the flow externally. 

The smooth operatfon  of  the impulse rotor in the pressure-dropstall  
regime provides  information as t o  the probable  behavior  of the rear stages 
of a conventional compressor at low rotational speed or a t  high maes flow 
at design speed. In these cases, the rem blading  receives the flow at 
negative  angles  of attack and a drop i n  pressure occurs. A t  high n e g e  
t i v e  angles, blade stall  ~lmile;r t o  that observed in the impulse can- 
pressor occurs, but the flow continues t o  pass through the-blades with- 
out surging. If means t o  permit  .recirculation of some of the flow were 
provided, a higher  pressure  ratio  could be obtained at low speede, as 
the  angle of attack of the  blades in the rear stages would be increased 
and that  of the forward  stage8  decreased. A g.ain i n  the torque  avail- 
able  for the acceleratian of turbojet  or  turbo-propeller  engines might 
be realized by this external  recirculation system for  increased  operating 
range at full speed. .. . ... . .. .. . . . . . " . . . . . " 

I 

" 
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. 
Rotor  Performance a t  Constint  Quantity  Coefficient 

Effect of blade-tip  clearance.- Two tests were made a t   t h e  design 
blade-angle se t t i ng  as an indication of  the ef fec t  of blade-tip  clearance 
on r o t o r  performance. A t  the low t i p  clearance of approximately 1/2 per- 
cent  blade  height, en efficiency of 95.3 percent, a total-pressure-rise 
coefficient of 2.10, and a  static-pressure-rise  coefflcient of 0.49 were 
obtained  (figs. 9 and 10). The resu l t s  of t he   t e s t  with a blade-tip 
clearance of 3 percent h s h m d  no change in the total-pressure-rise 
coefficient,  but  the measured efficiency WEW 93.1 percent and the  s ta t ic- .  
pressure-rise  coefficient was 0.39. Although these  results  indicate  a 
higher  efficiency  with low blade-tip clearances,  the  difference in the 
two measured values  has  about the -same order of magnitude as the   scat ter  
present i n  the  resul ts  of efficiency  plotted  agaimt  blade-angle  setting 
in   f igure  9, aha so are not  conclusive. The decrewe in static-pressure- 
r ise   coeff ic ient  with increased  clearance  appears more def ini te  aa shown 
by figure 10. 

Reference 2 reports  an  investigation of tip-clearance  effects  for 
an ax ia l - f lm  system having a rotor and .stator. The resu l t s  of t ha t  
work indicate a drop i n  efficiency with increased  tip  clearance having 
the 6- order of magnitude as is presented in the  preceding  paragragh. 
Reference 2 also indicated a decrease in  total-pressure  rise  with 
increased  tip  clearance, but in the  present  investigation  the  eqected 
change was not measured, probably due to  inqccuracies of measurements or  
calculations. 

Effect of blade angle.- A constant  wantity-flow  coefficient @ of 
0.80 w a s  intended f o r  all flow-inducing tests, but because of pract ical  
diff 'iculties  the  actual  test  values  varied from 0.n t o  0.84. This 
variation was not  believed  serious. The efficiencies measured for  the 
various  values of 5 are presented in  figure 9. The faired curve indi- 
cates  that   the peak efficiency was 94 percent at + bo, diminishing 
slowly with  increasing 5 and more rapidly  with  decreasing 5 .  Although 
the  blades were operating  at  off-design  conditions  both above and below 
h, a  high  efficiency  resulted  at all the  positive  angles  tested  except 
Sd + 21°, because qs diminishes and becomes negative  with  increasing 
( f ig .  10). The flow at {d + 21° was partially  separated and theref  ore 
contained  additiond  losses. 

A constant QJ, as used i n  t h i s  group of t es t s ,  causes a higher 
angle of attack a and capsequently a hfgher  turning  angle 8 with 
each increase in {. F i w e  ll presents a -and 8 values  plotted 
against f measured at the inboard and outboard  design  blade  sectione. 
The higher 8 results in a rising  total-pressure  coefflcient qt with 
increasing  blade  angle  (fig. 10). The static-pressure  coefficient $s 

however, s h m  the  opposite  effect,  decreasing with increasing c. This 
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result is due to  the  increased exit stagger angle and decreased ex i t  
flow  area  (higher  exit  velocity). Although a high- v t  is desirable, an 
associated 9, drop incre-mea the di f f icu l ty  of the  s ta tor  problem. 
Thua, a high posi t ive  ra t io  of .Jra t o  Jrt is generally  desirable  for 
most applications using both  rotors aqd s ts tore .  ., . .. 

Rotor Performarice x f t h   V q i n g  Quantity-Flow  Coefficient 

I -  

The performance of  the impulse ro tor   a t  varioUe values of quantity- 
flow coefficient 0 was measured f o r  the  design, . 1 8 O  above design and 
go bel-  deaign  blade-angle  aettings. These tests were made a t   t h e  
upper aid  lqer limit6 of useful  operating ( range and the  design  blade- 
angle setting,  permitting comparison with  reference 1. Figure  12 shows 
the range i n  anglee of  attack a and turning  angles €3 covered in   these 
tes t s .  In the   tes ts ,  at - go a minimum a af 19.3' with a corre- 
sponding 8 of 49.1° was measured at the  outboard  section. The resu l t s  
of the M t s  at (a + 18O gave a maxi- a of 75.2* with a 8 of 
117.0' at the inboard  section. These results,   for a single  blade  design, 
indicate  that impulse C-orupreaFjora. having  proper  blade camber can be 
designed t o  operate  satiafactorily with  turning  angles from 50' t o  1200; 

.. . 

H i &  blade-angle se t t in&-  The t e s t s  at + 18' 8hW. a s igl l i f icmt 
increase  in  total-pressure-rise  coefficients- 'st Over those  presented 
i n  reference 1. At a quantity-flow  coefficient 0 of 0.90, a qt of 
3.0 (fig. 13) with an efficiency 7 of  93.2 percent  (fig. 14)  w a s  
measured. This 0 w a s  far below the  value needed to  establish  the 
deaign  angle  of  at-tack of the  blades @d = 1.56 (f ig .  7), but was the 
largest   that  could be obtained. The rapid drop i n  '1 below @ of 0.8 
is attributed  to  flow-separation f r O m  the  blades -at tha€ very high angle 
of attack, about 17' above " d e  The favorable  static-pressure  gradient 
( f ig .  13)  probably  reduced the  extent of the  separation. 

Design settin@;.- The tes ta  made a t  [a are compared Fn figures 13 
t o  17 with  those in reference 1 t o  ahow the   effect  of  removing the  mea 
change i n  the hlade plssageb and increasing  the t i p  clearance. The 
average turning  angles and the  velocity  of.  the , a i r .  leaving  the  rotor 
were decreased by increming  the  passage exit we.a, and consequently  the 
total-pressur-e rise wa8 reduced (fig.  13). The  lClrger exi t  area resulted 
in more diffuaion in the paasages and increased  the  static-pressure-rise 
coefficient from 0.20 - t o  0.38 at the  design  quantity-flow rate of 0.80. 
The efficiency  curve w a s  f l a t  as  before,  but  the  flow  losses from 
increased rate of diffusion and the  larger  blade-tip  clearance lowered 
the  design  point  efficiency from 98.3 t o  92.7 percent ( f ig .  14). 



LOW blade-angle s e t t a . -  The tes t  r e su l t s   a t  - go were similar 
to those of  more conventionaL  axial-flow ro tors ,  even  though the  turning 
angles measured, 50° t o  80°. ( f ig .  12),  were comparatively high. If the 
optimum angle of  attack for  this se t t ing  is  assumed t o  be the same as 
t ha t  f o r  cd, ad - - 4 3 O  a t  the inboard  station, the @d would be 0. g. 
A t  this flow rate ,  the measured static-pressure-rise  coefficient .$s 

was 0.53, an increase of about 4.0 percent over -the  value measured a t  
peak efficiency f o r  [a. The maximum r a t i o  of qs/qt measured, 0.32, 
ident i f ies  this  r o t o r  configuration as a reaction  type. In flgure 16, 
the Ik,/$t ratios measured a t  (d - go We compared with values  obtained 
f o r  Cd and Cd + 18O sett ings.  A l t h o u g h  the qS/Jlt ratios are  largest  
f o r  the low-angle tests,  the  values of Jls for  go below f a  are nearly 
the same as those a t  cd (f ig .  13). The explanation was evident  after a 
study of the flow geometry. 

In all tests,  including  various  values of and @, t h e   a i r   l e f t  
the blade  passages' at a stagger  angle  approximately 10' lower than  the 
mean-line angle of the blade t r a i l i n g  edge. Consequently, reducing the 
blade  angle t o  - go decreased  the exit stagger angle from 30° t o  
21' a t  the inboard  section and  from 1'7.5' t o  8.5O at the  outboard  section. 
In  this constant-annulus-area, low-speed rotor, $fs depended almost 
wholly upon the r a t i o  of the ( cosines)2 of the  entrance and exit  stagger 
angles. A t  similar quantity-flow  rates,  the  entrance  stagger angles 
were the same, so that  the exit stagger  angles and boundary-layer thick- 
ness  determined qS. Since the cosines of smal l  angles are near 1, the-  
cosines fo r  the low exit stagger  angles  given  previously show little 
variation  (at   the mean diameter, COB 23.75O = 0.91.5, cos 14. no = 0.967); 
fhrthermore, the ef fec t  of the boundary layer tended to   nu l l i fy   the  area 
increase. 

Therefore, $s for the low and design f tests was  nearly  the same 
and the two curves on figure 13 closely correspond. By th i s  same expla- 
nation, lower 5 t e s t s  were regarded as unnecessary  because significantly 
larger w o u l d  probably not have been rea l i zed .  Further,  the stagger 
angle a t  which ad would resu l t  at t h e  outboard s ta t ion   for   th i s   se t t ing  
was 57.h0, a f a i r l y  high value.  Larger $./$t ra t ios  would be obtained 
lai'gely by vir tue of a decrease in qt, as  indicated by the trends of 
these low-angle tests. The region of negative slope in the curve 
f o r  the cd - go configuration  (fig. 13) shows a charracteristic of the 
t e s t  compressor at this low value of { that  is common t o  more conven- 
tional  axial-flow compressors. 
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The peak efficiency of  the [a - 9.'. . tests had a value of 90.6 per- 
cent at approximately 0.65 quantity-fluw  coefficient ( f ig .  14) .  . A t  this 
0, the  angle of attack  of-  the  blades was 2.7" lees than ad. The reduced ' 

efficiency at higher flow rates w m  probably due t o  a flow sepmation on 
the concave blade surface,  that is, a negative stall. The effect  of the 
consequent large wakes yas a reduction o f  the .?eq-K-ing  accuracy. This . 
i s  illustrated in   f igure 5 by the large  difference bet-yeen 9 and ml 
for  the high 0 values. . .. 

General summatian.- The ab i l i t y  of the . . impulse . . . . . ". . rotor  . . . t o  . . -. turn . flow " . . . . . . ." 

ef f ic ien t ly  75' f r o m  an entering  stagger  angle of 45' while operating 
with  constant  axial  velocity and a static-pressure rise, indicates an 
increaaed u t i l i t y   f o r  this type of  compressor. The annulus of an impulse 
compressor does not  necessarily have t o  contract through the  rotor blades. 
This  makes the design and construction of a multistage  impulse'compressor 
more l ike  conventional axial-flow machines. Maintaining  the axial 
velocity  constant  increases  the  static-pressure rise through the  rotor, 
removing some of the burden Fran the stator  blades. The deBign of an 
e f f ic ien t   s ta tor  i s  made less d i f f i cu l t  because the  velocity  entering 
the  stationary ram is reduced. Some penalty i n  reduced total-preesure 
coefficient-is  incurred by the use  of  constant  axial  velocity &8 is a 
slight reduction  in  rotor  efficiency. The rotor  efficiency loss may 
be offset  by reduced stator  losses, however. 

. .  

An extrapolation of the .data from the low-speed tests t o  high-speed . 

operation wing the same method and .entrance c a d i t i o m  88 those  used 
i n  reference 1 (Mach  number re la t ive  ta rotor, 0.60; no guide  vanes; t i p  
speed 540 f p s )  indicates  that   the  stator Mach  number using  constant  axial 
velocity would be 0.718. Assuming the same stage efficiency  reported in 
reference 1, 89.6 percent, a stage  total-pressure  ratio of 1.36 is pre- 
dicted. The use of canstanrts ia l   veloci ty   ra ther   than  constant   s ta t ic  
pressure  at  the  inboard  station  results in a 10-percent  decrease in the 
Mach  number entering  the  stator and a lso  a 10-percent  decrease in the 
stage total-pressure rise. 

C ONCLUS IONS 

A s  a resu l t  of the  ser ies  of tests made -on the impulse axial-flow 
rotor  having a 3-percent  blade-tip  clearmce  with  various blade set t ing 
angles and quantity-flow  rates, and with  constant  axial  velocity through 
the  rotor,  the  following 8 p e C f f i C  cmclueicm8 were reached: 

1. The deaign of an impulse axial-flaw compressor i s  not  nearly so 
exacting as originally supposed. The impulae rotor w i l l  operate through- 
out a wtde range ofhxnditions with behavior similar t o  that af a more 
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conventional axial-flar compressor. A wider  range of application  for 
impulse  compressors appears  possible  than might have been  concluded from 
NACA RM LgJ05a. 

. 2. The Fmpulse rotor will operate  efficiently with  reasonable.  static- 
pressure  rise. The highest static-pressure-rise  coefficient  obtained 
was 0.53 at a quantity-flow  coefficient 0 of 0.56, total-pressure-rise 
coefficient ft  of 1.64, and an efficiency q of 90 percent a t   t h e  blade- 
angle se t t ing  go below the  original  design  value, - go. 

3. The impulse rotor will ef f ic ien t ly  produce very  hi@  total-pressure- 
rise coefficients. The highest  total-pressure-rise  coefficient of 3.00 
and the m&ximum turning .angle of 1170 at the inboard  section  pcurred at 
a @ of 0.90, of -0.49, q of 93 percent at the Sa + 18 blade- 
angle  Betting. 

4. A t  the  blade-angle  setting and quantity-flow  coefficient of the 
original  design  a total-pressure coefficient of 2.10, and a   s ta t ic -  
pressure  coefficient of 0.39 were obtained with 811 efficiency of 93 percent. 

5. The impulse rotor  will operate  without s u r a  a t  f lar  ra tes  as 
lox as 75 percent .of the design quantity-flm rate ad, at the go below 
design  blade-angle se t t ing  Id - go, and t o  about 4.0 percent of (ba a t  
cd + 15'. Between 6 and 18' abwe fa, the surging in the stall range 
is very mild and the  rotor  i s  able t o  operate at a stable  flow r a t e  as 
low aa 8 t o  4 percent of @a, depending upon the  blade-angle  setting. 

0 

6. The impulse rotor will induce i t a  own f l o w  a t  any condition far 
whfch, *en operating,  the a i r  entering  the  rotor has a larger  average 
inclination f r a m  the rotor &E than  the  air  leaving it (P1 > P2). 

0.50 percent t o  3.0 percent had a negligible  effect  on the total- 
pressure-rise  coefficient, little effect  on the  efficiency,  but  reduced 
the  static-pressure-rise  coefficient f r o m  0.49 to 0.39. 

7. Increasing  the  tip  clearance of the impulse r o t o r  blades from 
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National Advisory Camittee for Aeronautics 

Langley A i r  Force Base, Va. 
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Figure 1.- Blade-angle  and  design-velocity dia,gra.us for the  inboard and 
outboard  sections at the design  blade-angle se t t ing  Cd. Ut = 1. OOO. 
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Figure 2.- Schematic diagram of test setup. 

. .. . 
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0 I B l a d e  set t ing 18 above d sign angle, Cd + 18' f 
Figure 3. - Model: segment of the impulse; blades and rotor  showing the 

three settiags  used i n  performance tests with  varying (3. The l ines  
on the blade  indicate  the  positions of the  inboard and outboard 
deeign  blade  sections, 25 percent  height from hub and tip,  respectively. 
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Hgwe 4.- Differences in lPeasured weight flow o f  survey stations 
expressed as  a percentage of station 2 weight flow at various 
b l a d e - w e  eettings for the ~ a w - ~ d u c h g  teete .  @ E 0.80. 
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Figure 5.- Differences i n  rceasured weight flow of survey stations 
expressed in percentage of station 2 weight flow f o r  the performance 
tests at three values of 5 .  
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Figure 6 . -  R o t o r  assembly with the blade-angle se t t ing  21° above Cd. - 
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Figure 8:- Variation of totsl- and'etatic-presaure-rise coefficients 
a t  mean diameter w i t h  blade-angle Betting, just before stall 
conditione. . . . . .  . , ~. - L  . . .  
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- d  & Effidency, q, a t  3 percent h t i p  clearance 
I3 Efficiency. q. a t  0.5 percent h t i p  clearance 
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Figure 9.- Variation of efficiency with blade-angle setting for the flou- 
inducing teats .  cp 2 0.80. 
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1 .7 

Figure 10.- Variation of total- and static-preseure-rise coefficients and 
the ratio of static- to total-pressure  rise  uith blade-angle setting 
from the flaw-inducing  tests. 0 2 0.80. 
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Figure U.- Variation of turning angle 8 and angle of attack a with 
blade-angle se t t ing  from the flow-inducing tests. @ 2 0.80. 
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Figure 12.- Variat ion of turning angle with angle of attack at the two 
design sections f'rom performance t e s t s  Over a range  of 0 for three 
values of- - 5. 
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Flgure 13.- Variation of total- and static-pressure-rise  cpefficients, $t 
and J I B ,  with  quantity-flow  coefficient from the performctnce tes t s  
aver 8 range of  a t  three  values of  5 .  D.ata From reference 1 
included  for comparisozt. 
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, Figure 14.- Variation of efficiency  with  quantity-flow  coefficient f r o m  
the performance tests Over a range of Q1 at  three vdues of I .  
Data f ' r a n  reference 1 included.for comparison. 
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FLgure 15.- Variation of turning  angle 6 with angle of attack a a t  
the two design sections f o r  the  design blade-angle setting cornpazed 
wlth the resul ts  *om reference 1 w i t h  area reduction. 
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Figure 16.- Variation of  the r a t i o  of s ta t ic -  t o  total-pressure-rise - 

coefficient w i t h  quantity-flow coefficient- fYthri the performance testa 
Over a range of @ at three values of [. 




